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Abstract 
This thesis focus on the tandem mass spectrometry of a series of custom-synthesized 
oligonucleotide pentamers in a Fourier transform mass spectrometer equipped with a 
filament-type electron gun using electron capture dissociation (ECD) method. In the 
present study, the validity of the previously literature proposed ECD dissociation 
model of oligonucleotide ions was evaluated. In contrast to previous literature 
proposed mechanism, in which ECD cleavage of a particular backbone to form 
w/d-type sequence ions and radical [z/a+H]. sequence ions were initiated by electron 
capture at the P=0 bonds. However, by cross comparing the fragmentation pattern of 
several model oligonucleotides under ECD conditions, this previous dissociation 
model was not consistent with the experimental results observed in our work in which 
the formation of w/d-type sequence ions (C/T binary base system) is sensitive to the 
position of the cytosine which is the most probable protonation site. Similarly, for the 
formation of wET-sequence ion (G/T binary base system) is also sensitive to the 
position of the guanine which is the most probable protonation site. Therefore, to 
explain our experimental observation, we tentatively proposed that the site of 
protonation on the nucleobase play a significant role on the likelihood of 
fragmentation via the electron capture at the protonated base of the analyte ions, in 
which the fragmentation reactions of protonated oligonucleotides were 
charged-directed with the electron being captured by protonated nucleobase, as a 
result, ion-electron recombination at the nucleobase initiates the backbone cleavage. 
Generalized ECD reaction pathways of C/T and G/T binary base of oligonucleotides 
were also proposed to account for the formation of various ECD fragments including 
w, d- and zET-type fragment ions on C/T binary base of oligonucleotides and 
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1.1 Historical perspective and overview of tandem mass spectrometry for structural 
biochemistry 
With the rapid development of Genomic and Proteometric research, there is a heavy 
demand for rapid, selective and sensitive method analytical methods for structural 
analysis of large biological molecules such as peptide, protein, carbohydrates and D N A 
molecules. Mass spectrometry (MS) and tandem mass spectrometry (MS/MS) are 
important structure tools in biology and chemistry. 
Mass spectrometry (MS) is a technique in which the mass-to-charge (m/z) ratio of 
gaseous ions is measured in vacuum. Because of the limited volatility and thermal 
liability of biomolecules, mass spectrometry techniques were long restricted to small 
molecule applications in the realm of chemistry. Ionization of biomolecules was not 
possible without inducing severe decomposition of the analyte. With the development 
of "soft" ionization methods in late 1970s and early 1980s, including field desorption 
[1], fast atom bombardment [2], and plasma desorption [3], direct mass spectrometric 
analysis of small biomolecules, such as peptides and glycoconjugates, has become 
possible. More recently, the introduction of matrix-assisted laser desorption/ionization 
(MALDI) [4,5] and electrospray ionization (ESI) [6,7]，has increased the accessible 
mass range to large biomolecules, including proteins and D N A fragments. These 
techniques permit the formation of intact gaseous molecular ions directly from high 
mass, involatile and thermally-labile analytes. Direct measurement of molecular 
masses of biomolecules provides a means to identify the biomolecules among lists of 
suspected species and to detect the presence (or absence) of chemical modifications, 
such as post-translational modifications of proteins [8,9]. However, these techniques 
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provide only limited structural information using simple mass spectrometry 
measurement. In order to overcome the limitations of simple mass measurement while 
preserving the analytical advantages of mass spectrometry, various tandem mass 
spectrometric (MS/MS) methods have been developed. 
One of the important events in tandem mass spectrometry of biomolecules is the 
activation of the selected precursor ions to induce unimolecular dissociation. Common 
ion activation methods include collision-induced dissociation (CID) [10,11], 
surface-induced dissociation (SID) [12], infrared multiphoton dissociation (IRMPD) 
[13]，blackbody infrared radiative dissociation (BIRD) [14] and electron capture 
dissociation (ECD) [15]. 
Nowadays, tandem mass spectrometry becomes a well-established technique for 
determining the primary sequence of many biomolecules. In comparison with the 
conventional sequencing methods, such as Edman degradation in protein sequencing, 
MS/MS analysis is much faster, selective and sensitive. With proper calibration, 
tandem mass spectra obtained in high-resolution instrument are also very specific. 
Using tandem mass spectrometry methods, structural information of unknown peptides, 
proteins, oligonucleotides, carbohydrates, and glycoconjugates can also be obtained. 
Nowadays, tandem mass spectrometry has become an indispensable tool for the 
analysis of biological molecules. 
1.2 Electrospray ionization (ESI) 
In the mid 1980s, Fenn et al. developed electrospray ionization - a Nobel Prize winning 
ion generation technique, for the mass spectrometry analysis of high-mass molecules 
[6, 7]. This technique utilizes a strong electric field to disrupt the surface of a solution 
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and to induce the formation of finely divided liquid droplets at atmospheric conditions. 
Through the use of differential pumping interface, multiply-charged high-mass 
molecules could be desolvated from these charged liquid droplets and could be 
transferred from the atmospheric region into the high vacuum source region of the 
mass spectrometer. 
In a typical set up for electrospray ionization, a stream of analyte solution is infused 
into the ESI interface through a sharp needle. The needle is typical held at a high 
potential with respect to the counter electrode at some distance from the needle. The 
relative polarities of the needle and the counter electrode determine the polarity of the 
sprayed ions. For positive-ion analysis, the needle is held at positive potential with 
respect to the counter electrode. Spraying needles typically have orifices with 
diameters in the millimeter range, and the solution can be infused at a diverse flow rate 
of micro-liters to milliliters per minute. Because of the perturbation of the electric field 
the solution exits the needle to form a conical surface, i.e. the Taylor cone, with excess 
charges located at the surface of the cone. Above certain critical field strength, a 
continuous spray of highly charged droplets can be produced. With the use of a stream 
of heated inert gas, such as nitrogen, the spray droplets could be thermalized and 
desolvated to generate intact analyte ions [16]. 
Electrospray ionization technique has several interesting properties. It requires very 
mild conditions to transform the target solute molecules in condense phase into 
gaseous charge molecules. This provides an efficient way to extend the accessibility of 
mass spectrometry analysis to thermally labile and involatile high-mass biological 
molecules, such as proteins and D N A fragments. Since mass spectrometry 
measurement relies on the sorting of gaseous ions according to their mass-to-charge 
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(m/z) ratios, the intrinsic formation of multiply-charged molecular ions extends the 
effective mass range of many mass spectrometers with limited m/z ranges. 
Electrospray ionization also provides a logical solution to the coupling of liquid 
separation methods, such as high performance liquid chromatography and capillary 
electrophoresis, with highly sensitive and specific mass spectrometry detector. 
Recent development of electrospray ionization includes the use of ultra-fine spray 
devices, such as tapered glass capillary in the so-called nanospray method, to reduce 
the sample consumption and hence increasing the analytical sensitivity [17,18]. Apart 
from the much reduced sample flow rate, the nanospray method generates smaller size 
droplets at a position closer to the entrance orifice of the mass analyzer. These features 
have significant impact on the overall efficiency of ion desolvation and ion 
transmission through the mass spectrometric interface. It was also recently found that 
nanospray method has a higher tolerance regarding the salt concentration [19] and pH 
conditions [20] as compared with the conventional ESI method. 
Regarding the use of ESI method for analysis of D N A fragments, a major challenge 
has been associated with the ease of formation of non-volatile cation adducted 




, where n and m are integers 
defining the mass and charge of the molecular species. The origin of these adducted 
species is largely attributed to the high acidity of the phosphate backbone of nucleic 
acids. Except in highly acidic condition (pH < 3), the phosphate groups in the D N A 
backbone are largely present as negatively-charge phosphate anions and are solvated 
by solvent molecules. Upon solvent evaporation in typical ESI conditions, the 
negatively-charged phosphate groups at the backbone of the D N A fragment have 
strong affinity for cations due presumably to the electrostatic interactions. The 
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formation of these adduct species reduce the sensitivity of mass measurement as the 
ion current is dispersed among multiple peaks, and can lead to peak broadening if the 
mass analyzer has insufficient resolving power. 
1.3 Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) 
1.3.1 History ofFTICR 
Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) is a mass 
spectrometry method that is capable of measuring the mass-to-charge (m/z) ratio of 
target ions at ultrahigh resolution. The achievable instrumental resolution is by-large 
independent of the analytical sensitivity. With proper calibration procedure, 
FTICR-MS provides excellent mass measurement accuracy (MMA). The theory of 
cyclotron resonance was first introduced by Lawrence et al. in the 1932 [21]. It was 
found that the motion of a charged particle, under the influence of a perpendicular 
magnet field, is constrained to a circular orbit. It was shown that such cyclotron motion 
of a charged particle could be excited to a larger radius by applying a transverse 
alternating electric field whose alternating frequency matched with the cyclotron 
frequency of the charged particle. Sommer et al. [22] applied the principle of ion 
cyclotron resonance in the development of the so-called "Omegatron" [23] mass 
spectrometer and obtained the first ion cyclotron resonance mass spectrum. The 
Omegatron was composed of two parallel electrodes sandwiched with a stack of ring 
electrodes. Ions were produced by electron-impact ionization method and were trapped 
along the axial directions by applying a static voltage to the two parallel electrodes and 
the stack of ring electrode. Radiofrequency (rj) with the same frequency as the ions' 
cyclotron frequency was superimposed to the electrodes so that ions were accelerated 
in spiral orbits of increasing radii. Ions signal was detected when the ions hit the 
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collector. Using this instrument, the Faraday constant [22], the proton-to-electron mass 
ratio [23] and the molecular weight of some small molecules [24] were determined. 
However, the Omegatron was suffered from its limited ion trapping capability, poor 
mass resolution, restricted upper mass range (<50Da) and slow scan rate [25]. 
In 1965, Wobschall designed and constructed another ICR spectrometer to investigate 
the low-energy ion-molecule interactions [26]. In this new instrument, the ionization 
and detection occurred at different regions of the vacuum chamber. A pair of electrodes 
served as one arm of an //-bridge was used to produce the rf-electric field. The 
absorption signal was sensed by the unbalance of this bridge. This instrument was 
subsequently modified into a multi-section drift ICR mass spectrometer that combined 
double resonance techniques using marginal oscillator detection method. 
Although ICR instrument was recognized as a powerful tool for studying ion-molecule 
interactions, the low efficiency of ion trapping and the limited mass resolving power 
hindered their applications. These limitations were significantly alleviated when two 
important developments were introduced in 1970s. These include the use of the 
trapped-ion cell [27] and the application of Fourier transform (FT) algorithm [28,29]. 
Mclver et al. introduced an electric potential well perpendicular to the uniform 
magnetic field through a pair of trapping electrodes. Linear combination of magnetic 
and electric field allowed the confinement of the motions of the target ions in a 
three-dimensional array. This design substantially lengthened the lifetime of the ions in 
the ICR cell. Unlike the continuous operation mode in the drift-cell and Omegatron 
instruments, the trapped-ion cell utilized pulsed operation mode. The generation, 
excitation and detection of ions were performed at different time. Comisarow and 
Marshall [29] incorporated Fourier transform algorithm to deconvolute time-domain 
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image current into frequency-domain signal. Nearly all modern Fourier transform ion 
cyclotron resonance mass spectrometers (FTICR-MS) utilize this instrumental 
configuration [28]. In comparison with early ion cyclotron resonance instrument, 
modern FTICR-MS utilizes trapping electrodes to extend the lifetime of the ions; 
deduce the mass-to-charge ratios (m/z) of analyte ions by imaging their cyclotron 
motions; and incorporates Fourier transform algorithm to decode the time-domain 
waveform into the frequency-domain signals. This technique is now known as the 
Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) or simply, 
the Fourier transform mass spectrometry (FTMS). Mass spectra with resolutions up to 
500,000 fiill-width half-height (FWHH) have been obtained using FTICR instrument 
[30]. 
During the last two decades, several important developments and improvements were 
made in FTICR instruments. One of the major improvements was the replacement of 
the conventional electromagnets by high-field superconducting magnet in 1980s [31]. 
The superconducting magnet has better field homogeneity, higher stability and stronger 
field strength. It has led to several orders of magnitude improvement in the mass 
resolution, the precision of mass analysis and the accessible the upper mass range [32]. 
The development of new excitation methodologies, for instance, the Store Waveform 
Inverse Fourier Transform (SWIFT) [33] and the correlation sweep [34], have also 
increased the effectiveness of FTICR for the structural elucidation of molecules 
through tandem mass spectrometry (MS/MS) analysis. 
Nowadays, FTICR-MS is well-known for its ultrahigh resolving power and tandem 
mass spectrometry capability. In combination with the novel desorption/ionization 
methods, for instance, matrix-assisted laser desorption/ionization (MALDI) [35,36] 
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and electrospray (ESI) [37,38], FTICR-MS has becoming an important analytical tool 
for resolving complex biological problems. 
1.3.2 Theory ofFTICR 
Figure 1.1 shows a typical ICR trapped-ion cell. The motion of ions in the trapped-ion 
cell is governed by the magnetic and electric fields. The electric field is applied 
perpendicular to the magnetic field. The motion of ions in the trapped-ion cell can be 
decoded into three independent motions, i.e. cyclotron, magnetron and trapping 
motions. 
The force acting upon an ion in the trapped-ion cell can be expressed by equation 1.1: 
F = qE + q{y^B0)……(1 � 
where F is the sum of the forces that act upon an ion of charge q with a velocity v. 
These forces are generated from the interaction of the ions with the electric field E and 
with the magnetic field Bo. Since the magnetic field inside the trapped-ion cell is 
uniform, unidirectional and homogeneous, the value of Bo in equation 1.1 is a constant. 
The magnetic field acts on the component of an ion's velocity that is perpendicular to 
the magnetic field axis, as indicated by the product term in equation 1.1. An ion 
experiences a force that is perpendicular to both the direction of its velocity and the 
magnetic field. This force, called Lorentz force, causes an ion to travel in a circular 
orbit that is perpendicular to the magnetic field. The circular motion is called the 
cyclotron motion. 
The angular frequency of the cyclotron motion is independence of the ion's 
orbitalradius and is given by the cyclotron equation 1.2: 
qB 
























































































































































































where vc is the orbital cyclotron frequency, q is the number of charge, Bo is the 
magnetic field strength and m is the mass of the ion. From equation 1.2, the cyclotron 
frequency (G>c) of an ion under a constant magnetic field is inversely proportional to its 
mass-to-charge ratio. By monitoring the /^image received at the cell detection plates, 
the mass-to-charge ratio of an ion can be deduced from the signal frequency. In 
contrast to the other mass analyzers, the principle of FTICR measurement does not rely 
on spatial separation of ions of different mass-to-charge ratios. In fact, ions of different 
m/z's are recorded simultaneously by monitoring their orbiting motions within the 
trapped cell. 
Because of the small cyclotron radii and the phase incoherency of the ion motions, the 
induced image current detected directly from the trapped ions by the receiver plates is 
essentially zero. In order to detect the induced image current, an excitation 
radiofrequency (rf) waveform is applied to the excitation plates. Figure 1.2 shows a 
schematic diagram of an ion excited by rf-waveform inside an ICR cell. Ions with the 
cyclotron frequency equal to the frequency of the rf-waveform will resonantly absorb 
the energy. Ions of the same mlz value are forced to rotate in-phase. The kinetic energy 
(K.E.) of an ion can be expressed by equation 1.3 : 
KE = rnvxy2 = q2B02r2 
2 2m ——(1.3) 
where vxy is the velocity vector of the ion on the x-y plane and r is the cyclotron radius 
of the ion. Since Bo, q and m are constants, an increase in the kinetic energy of the 
trapped ions necessarily implies an increase in the ion cyclotron radii. By properly 
adjusting the excitation power, the trapped ions would be forced to rotate coherently in 
phase and at an average radius close to the physical dimension of the trapped-ion cell. 



































































































































































Under the influence of the trapping potentials, ions inside the ICR tmpped-ion cell 
undergo harmonic oscillations along the z direction with a trapping frequency (coT) as 
shown in equation 1.4, 




where V T is the trapping voltage of the trapping plates and a is the separation between 
the front and rear trapping plates. With the assistance of the trapping electrodes, the 
residence time of an ion inside the trapped-ion cell has substantially increased. The 
combination of the orthogonal magnetic field and electric field introduces a third type 
of ion motion, called magnetron motion; the magnetron motion is a motion that 
circulates around a guiding centre in the radial direction. The frequency for the 
magnetron motion of an ion (©„,) is expressed as follow: • 
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where vm is the orbital magnetron frequency. Since the cyclotron frequency is generally 
much higher than the magnetron frequency (i.e. o>c》a)m), the magnetron motion 
equation can be simplified by assuming ^ ^ 绝 khojvn in equationl.6: 
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Since the magnetron motion of the ions is moving at the same plane as that of the 
cyclotron motion, the observed orbital cyclotron frequency (v0) is then altered: 
V 。 = H ——(1.7) 
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The observed cyclotron frequency (vo) of an ion is lower than its original cyclotron 
frequency (vc). Although the magnetron frequency (vw) is independent of the m/z, it 
depends on the trapping potential (Vr). Therefore, the impact of the trapping potentials 
on the measured frequency increases with the m/z of the ions. 
1.4 Sequencing of DNA fragments 
1.4.1 Conventional and mass spectrometric sequencing techniques 
Conventional D N A sequencing approaches employ the same strategy as the method 
developed by Sanger and co-workers in the mid-1970s. They utilize a gel 
electrophoretic separation step with either radioactive [39,40] or fluorescent-labeling 
[41,42] detection scheme. However, gel electrophoretic method is time-consuming and 
laborious because of the lengthy and complicated sample preparation procedures. 
Using this method, the resolution is low due to the band overlapping and the gel-based 
artifacts are frequently produced [43]. These result in the error-prone determination of 
molecular weights in gel electrophoresis. Together with the problems of treatment and 
disposal of the radioactive wastes, gel-based separation techniques have limited 
usefulness in large-scale D N A sequencing. 
Mass spectrometry has enormous potential as an ultra-fast sequencing method for 
D N A analysis because of its high sensitivity and sample throughput [44]. Similar to the 
analysis of other biomolecules, early applications of mass spectrometry analysis to 
D N A fragment analysis have been limited by the low volatility and thermal stability of 
D N A fragments. Being a gas-phase ionization method, electron impact ionization mass 
spectrometry (EI-MS) could only be used to analyze small and chemically protected 
mono- and di-nucleotides [45]. With the development of desorption and ionization 
methods, such as secondary ion mass spectrometry (SIMS) [46], fast atom 
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bombardment mass spectrometry [47] and plasma desorption mass spectrometry 
(PD-MS) [48], small oligonucleotides become amendable to mass spectrometry 
analysis. The development of Nobel-prize winning ion generation methods, including 
matrix-assisted laser desorption / ionization (MALDI) [49,50] and electrospray 
ionization (ESI), have extended the applicability of mass spectrometry analysis to 
medium and large D N A fragments [51,52]. 
Generally, there are two basic approaches in mass spectrometric sequence analysis of 
D N A fragments, i.e. (a) ladder sequencing using exonucleobase digestion; and (b) 
tandem mass spectrometry of mass-selected intact D N A ions. The latter method has a 
unique advantage of analyzing unpurified or semi-purified samples. In a typical 
tandem mass spectrometry experiment, an ion of interest (i.e. the so-called "precursor 
ion") is first isolated from other ions of different m/z and is then energized internally to 
cause unimolecular dissociation. Conventional methods for ion activation include low 
(~eV) and high (〜keV) energy collision-induced dissociation (CID) [53], infrared 
multiphoton dissociation (IRMPD) [54], blackbody infrared radiative dissociation 
(BIRD) [14]，surface-induced dissociation (SID) [55], ultraviolet photodissociation 
(UV-PD) [56], and electron capture dissociation (ECD) [15]. The main advantages of 
MS/MS analysis in comparison to other sequencing techniques are speed of analysis, 
sensitivity, high resolution and high mass accuracy. 
1.4.2 Fragment-ion nomenclature 
Deoxyribonucleic acids (DNA) are linear co-polymers of nucleotides composing of 
four different heterocyclic nucleobases, i.e. adenine (A), guanine (G), cytosine (C) and 
thymine (T). A and G are purine-type nucleobases; whereas C and T are 
pyrimidine-type nucleobases. Attachment of nucleobases onto the C-l’ of 
27 
D-2'-deoxyribose through N-9 of the purine bases or N-l of the pyrimidine bases 
forms nucleosides. Nucleotides are formed from nucleosides by the additional 
attachment of a phosphate group to the C-5' or C-3' of the deoxyribose unit, and are 
known as 2'-deoxyribosnucleotide monophosphate (dNMP). Linear combination of 
d N M P through the formation of phosphodiester linkages leads to the formation of 
single strand D N A molecules. With the formation of specific complementary base pairs 
(i.e. A-T and G-C, Watson and Crick bas pairs), intra- and intermolecular double 
stranded D N A s can be formed. 
One of the important fundamental information derived from the analysis of D N A 
molecules is related to the linear sequence of the four nucleotide building blocks. It is 
through this sequence that the genetic information is stored in the cell. Similar to 
protein-type biomolecules, the nucleotide moieties are linked with each other using 
phosphodiester linkage to form a generalized backbone structure. To describe various 
fragment ions generated from the tandem mass spectrometry of D N A molecular ions, 
different nomenclature schemes have been introduced over the years. 
Grotjahn et al. designated the two main fragment-ion series observed for the backbone 
cleavages of oligonucleotide ions upon FAB-MS as 5'- and 3'-sequence ions based on 
the position of charge retention [57], as shown in Figure 1.3(a). An alternative 
nomenclature has been suggested by Viari et al. [58] where the 3'- and 5'-sequence 
ions following the Grotjahn's nomenclature are designated as X- and Y-ions as shown 
in Figure 1.3(b), This nomenclature was extended later to three fragment-ions series: X, 
X* and X where Xn* represents Xn + (C5H4O) [57]. Base loss is the initial 
fragmentation reaction for subsequent cleavages of the deoxyribose phosphate 
backbone and X*-ions represent intermediates for the consecutive cleavage of the 3'-
28 
and 5'-phosphoester bond as shown in Figure 1.3(b). A more systematic nomenclature 
was proposed by McLuckey et al. [59] and follows the nomenclature for peptide 
fragment ions that was introduced by Poepstorfif et al. [60] For charge retention at the 
fragment containing 5'-terminal (3'-terminal), a-, b-，c- and d-fragment ions (z- y-} x-
and ^ -fragment ions) are generated by the subsequent cleavage of 3'C-0,3'P-0,5'P-0 
and 5'C-O bonds of the deoxyribose phosphate backbone, as shown in Figure 1.3(c). 
Additional base loss (Bn) is indicated in parentheses along with, if possible, the identity 
of the base. It follows that the X-, X*- and 7-series of the former nomenclature are 
equal to the d-9 [an-B] and w-series of the latter, respectively. The main advantage of 
the nomenclature of McLuckey et al. is that fragment ions arising from all backbone 
cleavages are addressed. Therefore, throughout the text in this thesis, the nomenclature 
proposed by McLuckey et al. is adopted. 
1.4.3 Tandem mass spectrometry of oligonucleotide ions 
Because of the acidity of the phosphodiester groups at the backbone of the D N A 
molecules, DNAs are usually present as anions in neutral or weakly acidic solutions. 
Early tandem mass spectrometry analysis of D N A was by-large conducted in 
negative-ion mode. The first tandem mass spectrometry of small multiply-charged 
oligonucleotides was reported by McLuckey et al. [59] in 1992. Using a set of 
collisional activation experiments in an ion trap instrument, it was established that 
oligonucleotide anions fragment initially by losing a nucleobase and then follow by 
cleavage at the 3' C-O bond of the sugar from which the base is lost. The resulting 
product ion containing the original 3，-end is the so-called w-ion, and the fragment 
containing the original 5'-end is (a-B)~ ion, where B corresponds to the nucleobase 
near the cleavage site P9，60]. 
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Figure 1.3 
Oligonucleotide fragment ion nomenclature proposed (a) by Viari et al.\ 
(b) by Nordhoff et al.; (c) by McLuckey et al" 
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With nozzle-skimmer (NS) dissociation, extensive information was achieved for a 21-
and a 25-mer in a FTMS [61]. Using a combination of NS dissociation and IRMPD, an 
almost complete sequence verification could be conducted for oligonucleotides with 
size ranging from 42 to 108 nucleotide units [62,63]. McLuckey et al. have shown that 
a combination of NS dissociation, IRMPD and BIRD [64] experiments could generate 
enough critical information to probe the 3，-end heterogeneity of a biologically 
synthesized double stranded 70-mer [65]. 
More recently, Loo and co-workers [66] demonstrated that intense multiply-protonated 
oligonucleotide molecules could be generated under ESI conditions using 
nitrogen-containing bases, such as ammonium and imidazole, as additives. Several 
research groups have subsequently investigated fragmentation behavior of 
oligonucleotide cations [67-71]. It was a general consensus that tandem mass 
spectrometry of even-electron positive and negative oligonucleotide ions give similar 
fragment ions. Apart from a series of ions involving (a-B)~ and w-ions, other fragment 
ions are usually non-sequence specific ions involving the loss of nucleobase and water 
moieties. The formation of these non-sequence specific ions was found to complicate 
spectral interpretation and also to reduce the overall sensitivity of the measurement. 
1.4.4 Electron capture dissociation of oligonucleotide ions 
Being a relatively new ion activation method, electron capture dissociation (ECD) [15] 
has demonstrated several interesting features. For protein-type biomolecules, ECD 
leads predominantly to the dissociation of the amide linkage even in the presence of 
labile post-translational modifications [72,73]. Intuitively, the dissociation of the 
activated precursor ions is non-ergodic, i.e. the dissociation occurs prior to 
randomization of the implanted energy. A combination of ECD and other dissociation 
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methods, such as IRMPD and CID，could provide complimentary information for 
unambiguous identification of the type and the position of several important protein 
post-translational modifications [74,75] and for de novo sequencing [76]. Relatively 
little is known about the ECD behavior of DNA-type biomolecules [77,78], Hakansoon 
et al. [77] studied the ECD behavior of several homonucleotides and found that 
even-electron w- or d- and radical a0-or z#-species were the main dissociation product 
ions. It was postulated that the electron was initially captured by a P=0 unit leading to 
the formation of a negatively charged phosphate group as shown in scheme 1.1. One of 
the implications of this fragmentation scheme is that two additional protons are 
required at either to the 3，-side or 5'-side of the cleavage site to form the observed w-
or d-type product ions, respectively; and only one additional proton is needed at the 
3，-side or 5'-side of the cleavage site to form the observed a0-or z'-ions, respectively. 
i. 5 Outline of the present work 
Most tandem mass spectrometry strategies for determining of oligonucleotide primary 
structure are based on the dissociation of even-electron anion and cation. And Electron 
Capture dissociation is a newly developed ion activation method with several 
interesting features. Apart from generating more sequence specific fragment ions [15], 
dissociation of peptide/protein ions using this method leads predominantly to the 
dissociation of the N-C linkages even in the presence of labile posttranslational 
modification (PTMs). However, ECD of DNA-type biomolecules has not been widely 
practiced. The lack of positive feedback on the ECD of oligonucleotides might be 
related to the difficulties in generating intense multiply-protonated molecular ions, and 
also to the limited understanding of the mechanism(s) of the ions dissociation under 
ECD conditions. In order to promote a wider use of this powerful ion activation 

































































































































































































































































As part of the program to explore the mechanistic aspects of ECD of oligonucleotides, 
a series of synthetic oligonucleotides with predefined sequences was investigated by 
ECD techniques. By cross comparing the fragmentation pattern of these 
oligonucleotides under the same dissociation conditions, interesting spectral features 
that are related to the mechanisms of dissociation under ECD conditions could be 
extracted. Representative results obtained from these oligonucleotides will be 
presented and some proposed mechanisms were performed in this thesis. Insights 
regarding the mechanistic aspects of ECD of D N A fragments would be discussed. This 
information should be very useful in projecting the strengths and limitations of ECD 
for structural characterization of natural and modified oligonucleotides. 
Chapter one gives a brief introduction of FTICR tandem mass spectrometry for 
structural biochemistry and its historical background. Chapter two is an overview of 
the instrumentation and experimental methods. Experimental results have been 
presented from chapter three to chapter five. In chapter three, results of the effects of 
various experimental conditions (nature, concentration of the additives, the solvent 
composition and the analyte concentration) in typical nanospray ionization on the 
production of multiply-prontonated oligonucleotide ions are presented. A series of 
custom-synthesized pentameric oligonucleotides are used as analytes and their 
doubly-prontonated molecular ions were analyzed. Chapter four and chapter five give 
details analysis of the influence of electron c叩ture dissociation on fragmentation of a 
series of C/T binary-based pentameric oligonucleotides and G/T binary-based 
pentameric oligonucleotides, respectively. Some fragmentation mechanisms have been 




Instrumentation and Experimental 
2.1 Instrumentation 
2.1.1. Fourier-transform ion cyclotron resonance mass spectrometer 
All the FTMS experiments described in this thesis were preformed by using an 
APEX47e Fourier-transform ion cyclotron resonance mass spectrometer (Bruker 
Daltonics Inc., Boston, M A ) equipped with an unshielded 4.7 Tesla superconducting 
magnet and a homemade nanospray ion source. Details of the homemade nanospray 
ion source have been reported previously [79]. 
The original APEX I console was upgraded to APEX III console. This upgrade allows 
the use of extended data size up to 1 Megabytes. A schematic diagram of the 
instrument is shown in Figure 2.1. The FTMS instrument consists of several main 
components, including a 4.7 Tesla horizontal superconducting magnet, an ICR 
trapped-ion cell, an electrostatic ion transfer system, a homemade nanospray ion 
source and a vacuum assembly. The external electrospray ion source and the ICR 
trapped-ion cell were mounted at the front and rear flanges of the vacuum assembly. 
The electrostatic ion transfer system was mounted inside the vacuum cart. The vacuum 
assembly was fixed on a trolley that was held on a rail system. Therefore, the vacuum 
portion containing the trapped-ion cell could be taken in and out of the magnet bore for 
maintenance. 
2.1.2 Vacuum system 
The vacuum assembly can be subdivided into several parts, including the ion source 
region, the electrostatic ion transfer region and the trapped-ion cell region. Mass 











































































































































































































































































ion-molecule collisions that would otherwise perturb the motion of the trapped ions, 
the trapped-ion cell region was pumped down to an ultrahigh vacuum condition, i.e. < 
10-9 Tom Since a typical nanospray source was equipped with the FTMS, several 
stages of pumping were required to achieve the ultrahigh vacuum conditions. An 
auxiliary rotary pump (E2M28, Edwards Corporation, UK) and a turbo pump 
(EXT250HI, Edwards Corporation, UK) were installed at the ion source region. The 
turbo was backed with the same rotary pump. A Coolstar cryopump 800L/min 
(Edwards Corporation^  UK) and a Coolstar cryopump 400L/min (Edwards Corporation, 
UK) were installed at the electrostatic ion transfer region. At the trapped-ion cell 
region, another Coolstar cryopump 800L/min (Edwards Corporation, UK) was 
installed. All cryopumps are controlled by a Cryodrive 3.0 (******，Isarel). 
Compressed liquid helium supplied by the cryodrive was circulated to all cryopumps. 
The cryodrive was cooled by a refrigerated circulator (CFT-150, Neslab, US). Each 
cryopump was equipped with a hydrogen gas thermometer. The temperature of the cold 
head and hence the vacuum pumping performance of the cryopump could be 





 Torr and 10^ to 10'
3
 Torr, respectively. The pressure at the front 
jc - 8 
and the read end of the electrostatic ion transfer region were 10 Torr and 10" Torr, 
respectively. At the trapped-ion cell region, the pressure was typically around 10"
9
 Torr. 
In order to pump down the whole system from atmosphere pressure to the working 
pressure, the opening of the dielectric capillary was blocked with a piece of parafilm， 
and the whole vacuum assembly was initially pumped down from atmospheric 
pressure to 10"
2
 Torr by two rotary pumps. One of them was the roughing rotary pump 
(E2M18, Edwards Corporation, UK) that was connected to the ion source region. The 
other was the roughing rotary pump (E2M28, Edwards Corporation, UK) connected at 
the front of the electrostatic ion transfer region. An additional turbo pump was used to 
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• ) 1 
bring the vacuum down from 1.0
X
10" Torr to 5.0
 x
 10" Torr prior to the starting of the 
cryopumps. When the pressure at the front end of the electrostatic ion transfer region 
fell below 1
x
 10" Torr, the gate valve located between the roughing rotary pump and 





 Torr. The high vacuum region was normally baked at a temperature of 
150°C for about 8 hours to establish ultrahigh vacuum conditions. Experiments were 
performed when the woridng pressure was arrived. Regeneration of the whole system 
was required when the temperature of the cold head rose to a certain level. 
The vacuum conditions of the trapped-ion cell region and the front end of electrostatic 
ion transfer region were monitored by two cold cathode gauges (IKR 020, Balzers, 
Liechtensteion). When the pressure of the electrostatic ion transfer region was above 
1 x 10-4 mbar, a pirani gauge (TPR 010, Balzers, Liechtensteion) was used instead. The 
front and rear part of electrostatic ion transferring region could be isolated from each 
other by a mini UHV-Schiebar gate valve (DN50, VAT Vakuumventile A Q Haag). The 
front Coolstar cryopump 800 could be isolated from the front end of electrostatic ion 
focusing region by a Vatterfly valve (DN160 Vatterfly Valve Series 20, Vat 
Vakuumventile AG, Haag). This design allowed the venting of the source chamber for 
exchange of ion sources and cleaning of the dielectric capillary while preserving the 
vacuum conditions of the trapped-ion cell region and the pumping status of the source 
cryopump. 
A leak valve and an electromagnetic pulse valve were installed near the trapped-ion 
cell region for introducing buffer/collision gases into the trapped-ion cell. A TTL pulse 
generated by the console was used to control the open of the electromagnetic pulse 
valve. In the present setup, buffer gas was firstly loaded into a small gas cylinder. This 
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arrangement allowed better control of the pulse gas pressure. 
2.1.3. Nanospray ion source 
A commercially available electrospray ionization source (Analytical, Bradford, CT， 
USA) was equipped with the FTMS. The ESI source consists of two major components, 
the spray chamber and the ion transfer optics. The spray chamber was modified to 
adopt a home-made nanospray assembly |79] as shown in Figure 2.2. Analyte solution 
was stored in a tapered glass tip, which was place at a few centimeters away from the 
opening of the dielectric capillary. The tapered capillary was secured on a platform that 
can be adjusted along the x, y and z directions. A thin gold-plated tungsten wire 
(0=15.0 卩m) was placed inside the tapered capillary to establish electrical contact. The 
tungsten wire was spot-welded onto a platinum wire (0 =0.3 mm) to facilitate 
manipulation. For positive-ion mode operation, a stable spray of the sample solution 
could be established by grounding the platinum wire and floating the entrance cap of 
the dielectric capillary to a negative potential (-700 V to -1000 V). A flow of warm and 
dry N 2 gas was used to assist the removal of solvent from the sprayed droplets. The gas 
phase ions were sampled through a dielectric capillary into the high vacuum part of the 
mass spectrometer. The dielectric capillary was 18.0 cm in length and was made of 
glass. Both ends of the capillary were covered with stainless steel caps. The capillary 
entrance and exit acted as two individual electrodes Vcap and LI, respectively. The 
electrospray ion transfer optics was located in the low vacuum region and was 
composed of a skimmer (L2), an IrisTM hexapole ion guide (L3) and a gated electrode 
(L6). The small orifice of the dielectric capillary and the skimmer were used to limit 
the gas flow from the atmospheric region into the vacuum region. The region between 
the capillary and skimmer was pumped by a rotary pump from atmospheric pressure to 





































































































































































































































 Torn The hexapole ion guide was used to trap and 
accumulate ions prior to extraction. After a period of 1 to 4 seconds of ion 
accumulation, the ions were then pulsed into the mass spectrometer by toggling the 
gated electrode from a positive potential to a negative potential. 
The potential of LI was typically held at around 100 V (positive potential for positive 
ion operation mode and negative potential for negative ion operation mode). The flow 
of ions across this potential barrier was assisted by the gas flow due to the pressure 
• 2 3 
gradient between the atmospheric region and the capillary skimmer region (10" to 10' 
Torr). The //-only hexapole ion guide was used to focus and to temporarily trap the 
analyte ions. Under the influence of the //-potential, the analyte ions oscillated along 
the central line of the ion guide. The gate electrode (L6) was pulsed between two 
adjustable potentials (L4 and L5). For positive ion operation mode, the gate electrode 
was held at positive potential (L4) when ions were trapped inside the hexapole ion 
guide. For extracting the analyte ions into the ion transfer system, the potential on the 
gate electrode was toggled to a negative potential (L5). The signal intensity of the 
analyte ions could be enhanced by accumulating the ions in the hexapole ion guide for 
an extended period of time before directing them into the FTICR. 
2.1.4 Ion transfer system 
An electrostatic ion transfer system was used to guide the ions from the ESI ion source 
to the ICR trapped-ion cell. It composed of a series of electrostatic lenses. Figure 2.3 
shows a schematic diagram of the ion transfer optics and their typical potential 
gradient curve. PL1，PL9, FOCL1 and FOCL2 were focusing lenses, whereas 



































































































































































































































respectively. The potentials of the beam steering electrodes were toggled between 
some preset-values and ground in order to guide the ions into trapped-ion cell and to 
deflect the ions away from the ion optical axis, respectively. 
H V O was a high potential electrode that was used to accelerate ions to higher velocity 
in order to increase the ion transmission efficiency through the fringing magnetic field 
region. The H V O was typically set to -2.5 kV for positive ion operation mode and +2.5 
kV for negative ion operation mode. All experiments in this thesis were performed in 
positive-ion operation mode. Additional defecting electrodes, XDFL and YDFL, were 
floated at the H V O and were used to correct the path of the ion beam in the x- and 
y-direction, respectively. EV1 was the entrance electrode and was set at a lightly 
negative potential (for positive-ion operation mode) to attract the decelerated ions into 
the trapped-ion cell. EV2A and EV2B were spitted electrodes located behind the EV1. 
They provided the "kicker voltage" to deflect the ion beam along the x-y plane and to 
increase the trapping efficiency of the ICR trapped-ion cell. 
2.1.5 Infinity cell 
The trapped-ion cell was an Infinity™ Cell [80] (Bruker-spectrospin, Fallanden, 
Switzerland). The Infinity™ Cell was a cylindrical cell with dimensions of 60 m m in 
diameter and 60 m m in length. All the electrodes in the InfinityTM Cell were gold 
coated. The circular plates at two ends of the Infinity™ Cell were the front trapping 
electrodes (PV1) and rear trapping electrode (PV2). A circular aperture of 6.0 m m in 
diameter was located at the center of each trapping electrode for entrance and exit of 
ions and/or electron. A negative potential of -10 V (for positive ion operation mode) 
was applied to the rear trapping electrode (PV2) during cell quenching event to remove 
any residue ions from the trapped-ion cell. After the cell quenching event, the potential 
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was restored to the initial trapping potential in which a positive potential of IV was 
typically applied to each trapping electrode (PV1 and PV2). Four curved electrodes 
were installed orthogonally with respect to the trapping plates. The shorter pair of 
electrode was the excitation plates, where //-excitation pulses were loaded onto these 
plates. The longer pair of electrodes was the detection plates. The cyclotron motion of 
the trapped-ion was imaged by these plates. In the excitation event, a //-waveform was 
first generated by the APEX III console (Bruker Daltonics Inc., Billerica, US) and was 
then amplified by a /^ -amplifier. The two excitation waveforms used in this instrument 
were the chirp (for broadband mode) and pulse (for narrowband mode) excitation. 
The Infinity™ Cell has segmented trapping plates to avoid the undesirable z-axial 
ejection of the trapped ions during the ion excitation event at frequencies of ©c+2cot. 
In the ion accumulation phase, the opening of the trapped-ion cell was achieved by 
changing the potentials of the three entrance electrodes (i.e. EV1, EV2 and DEV2) to 
some preset-values. After the ion accumulation, the cell was closed by restoring the 
potentials of these electrodes to the same potential as in the P VI. A schematic diagram 
for the cell electrode potentials throughout the experiment is shown in Figure 2.4. 
2.1.6 Electron emission source 
The FTMS instrument was equipped with a standard electrically heated filament 
source for electron emission. A schematic diagram of the heated filament source is 
shown in Figure 2.5. The filament position (fp) was 108 m m from the rear end of the 
Infinity™ Cell. The filament was made of a Rhenium ribbon of width about 0.5 m m 
and was spot-welded onto the metal posts (pin 1 and pin 2) with a separation of about 6 

























































































































































































































































































































































































































































































































































































































































































































placed at the back of the filament and was electrically connected to the pin 2. The plate 
was used to provide a repulsive potential for electron ejection. Under typical conditions 
with no filament heating current and electron irradiation, identical potential of+13.2 V 
were loaded on both pin 1 and pin 2. When a filament heat current was set, different 
potentials were be loaded onto the pin 1 and pin 2 with potential of pin 1 higher than 
that of pin 2. To emit electron for ECD processes, the potential of pin 1 and pin 2 were 
ramped down to negative potential. Since the potential of pin 2 were lower, the metallic 
plate repelled the electrons towards the trapped-ion cell. 
2.2 Experimental section 
2.2.1 Simple acquisition pulse program 
The acquisition procedure of a FTMS experiment was defined by a pulse program. A 
pulse program is a sequence of pulses that are sent to different units of the FTMS for 
controlling different events during the acquisition. A schematic diagram of sequence 
events in the pulse program for a simple ESI FTMS experiment is shown in Figure 2.6 
(for the source code of the pulse program, please refer to Appendix A). At the beginning 
of each acquisition, a quench control pulse was first sent to the voltage control board to 
change the potential of the gate electrode inside the ESI source to a negative voltage for 
positive ion operation mode, and vise versa. Any residue positive ions in the hexapole 
ion guide were removed. Another quench control pulse was sent to the voltage control 
board to pulse the potential of the rear trapping plate to negative voltage (-10V) for 
positive ion operation mode and vise versa. The ions inside the trapping ion cell were 
removed. After the quench pulses, a short delay was used to restore the potential of the 
gated electrode and rear trapping electrode back to the preset voltages. After a 
predefined delay (Dl), ions generated by electrospray ionization were accumulated in 




































































































































































































was adjusted to the preset extraction potential so as to extract the ions to the 
electrostatic ion transfer region. At the same time the deflector voltages DPL2 and 
DPL4，and the entrance electrodes of the Infinity™ Cell EV1, EV2 and DEV2 were 
adjusted to the preset values to direct the ions beam towards the analyzer cell. After a 
predefined ion accumulation period and the deflector voltages were restored to ground 
voltages; whereas the cell entrance electrodes were reset to the same potential as PV1. 
After the ion injection event, an ion excitation pulse and ion detection pulse were 
executed sequentially. A chirp of //-waveform scanning from the cyclotron frequency of 
the lowest detection mass (highest frequency) to the highest detection mass (lowest 
frequency) was transmitted through the excitation electrodes of the Infinity Cell. The 
duration and the amplitude of the rf-waveform were optimized to give the most intense 
signal. Finally, the cyclotron motions of the excited ions were imaged by the rf-receiver 
plates of the Infinity™ Cell. These pulse sequences were repeated for a number of times; 
and the signals obtained in each scan were summed up. 
2.2.2 ECD pulse program 
In the electron capture experiment, the ion of interest was isolated and then irradiated 
with a low-energy electron beam. The pulse program of electron capture dissociation 
experiment was similar to that of the simple acquisition experiment Both programs 
involved quench pulse, ion injection pulse, ion excitation pulse and ion detection pulse. 
The pulse program for ECD experiment contained an additional ion-selection event and 
an electron irradiation event in between the ion injection and ion excitation events. 
Figure 2.7 shows a typical pulse program for ECD experiment. (For the source code of 
the pulse program, please refer to Appendix B). Once the ions were accumulated in the 
Infinity™ Cell, an ion-selection pulse was executed. The ion of interest was isolated by 
irradiating the ions with a correlation sweep (a modified chirp of《waveform) to 
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over-excite all unwanted ions. The amplitude and the duration of the //-waveform, and 
the "safety belt" were carefully adjusted in order to minimize the excitation of the ion of 
the interest. Following the ion selection, an electron irradiation pulse was executed. An 
electron beam was directed into the trapped-ion cell to interact with the selected ions for 
a period of 100 to 500 milliseconds. The electron flux and electron energy were 
controlled by adjusting the filament heating current and the average filament bias 
voltage, respectively. All spectra were acquired in a broadband mode using 128 kb data 
























































































































































































































































































Production of Doubly-protonated Oligonucleotide Ions Using Nanospray Ionization 
3.1 Introduction 
Electrospray ionization (ESI) [81] has developed at a tremendous pace since the end of 
the 1980s. The significance of electrospray technique is its unique ability of introducing 
of highly polar and involatile compounds such as nucleic acid, proteins, peptides, 
carbohydrates, and other thermally labile compounds from solution phase to gaseous 
phase ions for analysis by using mass spectrometry [82]. Although the mechanism(s) of 
the production of ions by electrospray remains controversial [83]，several parameters 
such as solution pH [20], solvent properties [84], analyte concentration [85], additive 
used [19]，are known to be important factors in governing tiie production of ESI ions. 
Nowadays, study of nucleic acids constitutes an important area of modern molecular 
biology because of their central role in many biological processes. Different techniques 
have already been employed in the analysis of nucleic acid, such as electrophoresis (CE) 
[86] and high performance liquid chromatography (HPLC) [87], mass spectrometry 
(MS) and tandem mass spectrometry (MS/MS) [88]. In typical mass spectrometric 
analysis, nucleic acid measurements are carried by using ESI-MS in negative ion mode 
[89]. The analysis of nucleic acid using ESI-MS in positive ion mode is less common 
due presumably to the high acidity the phosphate backbone in nucleic acids [90]. 
More recently, Loo and co-workers [66] demonstrated that positive-ion mass spectra of 
oligonucleotides could also be obtained using a methanol doped with a 
nitrogen-containing base, such as ammonium salts, imidazole, etc. After their initial 
work, many papers that are related to the gas-phase fragmentation of positive 
oligonucleotide ions under collision-induced dissociation conditions were published [91， 
92]. The positive ion electrospray mass spectra of oligonucleotides offer a convenient 
complementary alternative to analysis carried out in the negative ion mode for sequence 
determination. 
Electron capture dissociation (ECD) [15] is a relatively new mass spectrometric method 
for the structural characterization of biomolecules such as peptides/proteins and peptide 
nucleic acids [73, 93，94]. This dissociation technique was found to induce extensive 
sequence nonspecific fragmentation, resulting in more sequence information. However, 
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relatively less attention has been paid in extending the applications of this dissociation 
technique to the analysis oligonucleotides. This might be a consequence of the 
difficulties associated with the production of the multiply protonated oligonucleotide 
ions and the ease of the generation of metal-adducted oligonucleotide ions. The high 
acidity of the phosphate backbone hinders the production of positively charged 
oligonucleotide ions and increases the chance of metal-ion adduction. The latter would 
lead to a reduction of the absolute precursor ion intensity by generating a series of 
metal-adducted precursor ions with different degrees of metal ion adduction. In 
comparison with other tandem mass spectrometry methods, electron capture 
dissociation is known to be less sensitive and generates lower abundant fragment ions. 
The inherited problems associated with the generation of positive oligonucleotide ions 
exemplify the difficulties in using ECD method for structural analysis of 
oligonucleotides. 
This chapter aims to examine effect of various experimental conditions in typical 
nanospray ionization on the production of multiply-protonated oligonucleotide ions. 
Four factors, including the (1) nature and (2) concentration of the additives, the (3) 
solvent composition, and the (4) analyte concentration, were systematically studied. 
Several custom-synthesized pentameric oligonucleotides were used as analytes; and 
their doubly-protonated molecular ions were monitored. 
3.2 Experimental and instrumental section 
3.2.1 Materials 
All materials were obtained commercially and were used without fiirther purification. 
HPLC grade methanol was purchased from LabScan, Ireland. Formic acid (98.7 %), 
ammonium formate (99.995 %)，ammonium dihydrogenphosphate (99.999 %) and 
ammonium fluoride (98 %) were purchased from Sigma Chemical, St. Louis, MO. All 
oligodeoxynucleotides d(CCTCC), d(CCACC) and d(CCGCC) were purchased from 
Bio-Synthesis Inc., as their crude ammonium salts and were used without fiirther 
purification. 
3.2.2 Sample Preparation 
The lyophilized samples were dissolved in deionized water (18 MQ) to a concentration 
of lx 10"
3
 M. These stock solutions were kept at -78 °C. A portion of each stock solution 
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was taken from the bulk and was kept at 4°C in the morning. Prior to mass spectrometry 
experiment, the 4°C stock solution was further diluted using a mixture of methanol and 
lOmM ammonium formate (v:v = 1:1) with 1% formic acid to 1
 x
 10 M. This 
procedure was adopted to reduce the extent of alkali-ion adduction onto the intact 
oligonucleotide ions. 
3.2.3 Instrumentation 
All experiments were performed by using a F T M S system. (Bruker Instrument Inc., 
Boston, M A ) equipped with an unshielded 4.7 Tesla superconducting magnet and a 
homemade nanospray ion source. The original APEX I console was upgraded to APEX 
III. Detail instrumental arrangement has previously been described in Chapter two and 
details of the homemade nanospray ion source have been reported [79]. Briefly, the 
sample solution was loaded into the capillary tip with a lOpL syringe. The nanospray tip 
was positioned 1-2 m m in front of the metal cap orifice and was kept at ground. 
Electrospray of the sample solution was induced by floating the counter metal capillary 
to -900 V to -1100 V. A flow of warm nitrogen gas (-200 °C) was used to heat up the 
dielectric capillary and to assist the desolvation of the analyte ions from the sprayed 
droplets. The sprayed position was carefully adjusted by using the screw nuts of the 
x-y-z plane manipulator and was monitored by C C D cameras. The trapping potentials 
for both PV1 and PV2 were set to +1.0 V. The potentials of all other ion optical 
electrodes were carefully adjusted to optimize the signal intensity and resolution. All 
spectra were recorded with the broadband mode using 128 Kbytes of memory. The scan 
number was set to 50. After 50 scans, the mass spectrum was transformed into the 
frequency-domain representation. Data acquisition was performed using standard pulse 
program using Xmass (version 6.1.0). 
3.3 Results and discussion 
3.3.1 Effect of the concentration of ammonium formate 
The influence of ammonium ion on the precursor ion signal intensity of [M+2H] was 
studied by using ammonium formate (HCOONH4). Three different pentameric 
oligonucleotides, including d(CCTCC), d(CCGCC) and d(CCACC), were used as 
analytes. The concentration of N H 4 C O O H was systematically varied from 0 up to 50 
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m M ; whereas the concentrations of the oligonucleotide solutions were all kept at 1x10^ 
M . Three replicates were measured to provide statistical information. Figure 3.1 
summarizes the variation of the [M+2H] signals for the three oligonucleotide samples 
as a function of the concentration of HCOONH4. In all cases, the intensity of the 
[M+2H] + species was enhanced with the addition of ammonium formate. As shown in 
I 
Figure 3.1, the [M+2H] signal increases steadily with the concentration of H C O O N H 4 
and maximizes at a concentration of 5mM. Further increase in HCOONH4 
concentration reduces the [M+2H] signal. 
• 2十 • 
To account for the effect of ammonium formate on the production of [M+2H] species, 
it is important to understand the solution chemistry of the oligonucletide molecules. 
Since the pKa value of the backbone phosphate groups (< 2.1) is lower than that of 
formic acid (-3.7), the phosphate groups of the oligonucleotides were by-large 
dissociated. Even thought the protonation of nucleobases of the oligonucleotide 
molecules was enhanced by the acidity of the formic acid, the oligonucleotide 
molecules in solution should by-large negatively charged. It is therefore reasonable to 




In agreement with literature report [66], the presence of ammonium formate as solution 
additive enhances the intensity of [M+2H]
2+
. As shown in Figure 3.1, this signal 
enhancement effect is nonspecific with respect to the sequence of the oligonucleotides. 
To explain the enhancement effect, Loo and co-workers [66] proposed that ammonium 
ions might bind with the negatively-charged phosphate groups and thus neutralizing the 
oligonucleotide molecules to form abundant [M+nNHi-nH] complexes in solution. With 
n 2 1 
the protonation at nucleobases, complex molecular ions, [M+2H+nNH4-nH]，could be 
formed and transferred into the gas-phase through the electrospray process. At the 
atmospheric pressure / vacuum interface, these ammonium ion-phosphate complex ions 
might be energized through multiple low-energy collisions. Due presumably to the high 
proton affinity of the phosphate group, collision activation might lead to the ejection of 
neutral ammonia molecules with a concomitant transfer of a proton from the ammonium 
ion to the phosphate group. This accounts for the enhanced intensity of intact 



























































































































































































































Reduction of the [M+2H]
2+
 signal at high concentration of HCOONH4 (>5mM) is 
tentatively attributed to the result of competitive ion formation. It has previously been 
postulated that the droplets generated under electrospray (or nanospray) conditions carry 
a finite number of charges [95]. Being an electrolyte, the concentration of HCOONH4 
governs the amount of ammonium ions. In a relatively high concentration of HCOONH4, 
the free ammonium ion (NH4, might displace the oligonucleotide ions from the surface 
of the solution at the nanospray tip and thus reducing the effective concentration of 
oligonucleotide ions in the charged droplets. 
Figure 3.2 shows the doubly-charged molecular ion region of the mass spectra of 
d(CCTCC) obtained using (a) OmM; and (b)5 m M HCOONH4 solution. With respect to 
the doubly-protonated oligonucleotide ions, substantial reduction in the relative 
intensities of the alkali-ion adducted peaks was observed. Table 3.1 summaries the 
concentration effect of HCOONH4 on the intensity ratios of the doubly-protonated 
molecular ions and the summation of all alkali-ion adducted peaks using d(CCTCC)， 
d(CCGCC) and d(CCACC). In all cases, the presence of HCOONH4 suppresses the 
alkali-ion adduction. This finding is consistent with the early studies that the presence of 
ammonium ions substantially reduces cation adduction in M A L D I and ESI analysis of 
oligonucleotides [96,97]. 
3.3.2 Effect of the anions of the ammonium salts 
The anion of the ammonium salts has previously been shown to play an important role 
in the electrospray ionization of oligonucleotides. For instance, inorganic ammonium 
salts, such as NH4F, was found to suppress the formation of oligonucleotide ions [92] in 
positive-ion mode. In this experiment, the effect of the anions of the ammonium salts on 
the signal intensity of precursor ion was studied. The [M+2H]
2+
 of three pentameric 
oligonucleotides, d(CCTCC), d(CCGCC) and d(CCACC), were measured using four 
different ammonium salts including HCOONH4, NH4F, H2PO4NH4, (NHj^C^Oy were 
used. In all cases, the ammonium salts were dissolved in 50% methanol at a 
concentration of 5mM. Three replicate experiments were performed to gain additional 
statistical information. 
Figure 3.3 illustrates a bar chart summarizing the intensities of the [M+2H]
2+
 signals of 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(NH4)2C6H607，the [M+2H]2+ signal obtained using different analytes and different 
2+ 
ammonium salts were essentially the same. In case of (NH^C^O?，the [M+2H] 
signals from different oligonucleotides were suppressed. The level of signal suppression 
was found to be consistent with the number of mole of NH/. Based on the 
stiochiometric ratio, 5 m M of (NH4)2C6H607 should produce lOmM of ammonium ions. 
A 50% reduction of the [M+2H]
2+
 signal in the present experiment is consistent with the 
earlier study (see Figure 3.1) that lOmM loading of HCOONH4 suppressed the 
[M+2H]
2+
 of d(CCTCC) to 50% of that obtained with 5 m M loading of HCOONH4. 
From the present results, it is concluded that the anion of the ammonium salts should 
have no effect on the production of [M+之H]2+ of oligonucleotides. The false-negative 
result in literature report [92] might therefore be resulted from the inappropriate 
selection of experimental conditions, such as solvent system. 
Figure 3.4 shows the doubly-charged molecular ion region of the mass spectra of 
d(CCGCC) obtained using 5 m M of (a) HCOONH4； (b) and H2PO4NH4； (c) NH4F and 
(d) (NH4)2C6H607. The effect of the anion of the ammonium salts on the ratio of [M + 
2H]
2+
 to [M + 2Metal]
2+
 for different oligonucleotide samples is summarized in Table 
3.2. Ammonium salts having different anions were found to have different propensities 
for metal adduct suppression. Ammonium fluoride and phosphate were found to have 
high capability to suppress the metal ion adduction onto the oligonucleotide samples as 
compared to ammonium formate and citrate. This propensity for suppression of metal 
ion adduction was tentatively attributed to the interaction of the alkali-metal ions and 
the counter anions of the ammonium salts. Mirza et al. [98] reported that the presence of 
specific anions in the sample solution could lead to a significant downward shift of the 
observed charge distribution of peptide/protein ions under typical electrospray 
conditions. This observation was explained on the basis of proton competition between 
the anions and peptides/proteins for the free protons. Similar argument might be 
applicable in explaining the suppression of metal ion adduction in ESI of 
oligonucleotides. The counter anions of the ammonium salts might compete with the 
phosphate backbone of the oligonucleotides for alkali metal ions. The higher sodium 
affinities of F and H2PO4" as compared with COO' and C ^ O ? " [99] are also consistent 
with the present findings that the former group of anions have higher efficiency in 
suppressing the alkali metal ion adduction onto the oligonucleotides. Although NH4F 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































suppressing the formation of alkali-metal ion adducts, the former is a better ammonium 
salts for ESI analysis oligonucleotides. Being an involatile inorganic salt, H2PO4NH4 
was found to be responsible for inducing frequent blockage of the capillary transfer line. 
The use of NH4F as solution additive did not exhibit this problem. 
3.3.3 Effect of solvent composition 
Although successful mass spectrometry analyses of biomolecules using electrospray 
ionization have been reported using a wide range of solvents (or solvent composition), it 
remains a general consensus that proper selection of solvent can improve the analytical 
sensitivity and reproducibility. Many solvent properties, such as surface tension and 
dielectric constant, were identified to have strong influence on the spray characteristics 
and hence the strength and stability of the spray current [100-103]. For instance, 
previous studies have shown that spray stability would be substantially reduced when 
the aqueous content of the solvent is approaching to 100% [100]. In this section, the 
effect of solvent composition on the positive-ion mode electrospray ionization of 
oligonucleotide was studied. Ammonium formate (5mM) was used as additive; and 
d(CCTCC) was used as the analyte. The solvent composition was systematically varied 
from 0 to 100% methanol. The experiment was repeated three times to obtain relevant 
statistic information. 
Figure 3.5 shows a plot of the signal intensity of [M+2H]
2+
 versus the percentage of 
methanol in the sample solution. Ammonium formate was kept at 5 m M in all cases. In 
contrast with the earlier literature reports [100], the nanospray signals obtained in this 
set of experiments using different percentage of methanol were reasonably stable and 
reproducible. The spray reproducibility can be deduced from the error bars which were 
obtained from the standard deviation of the results obtained from the three replicates. 
From the present results, the [M+2H]
2+
 signal was maximized v^ien the solvent of the 
oligonucleotide solution was composed with 50% methanol. Increasing or decreasing 
the percentage of methanol was found to suppress the analyte ion signal. Pure water and 
pure methanol were not good solvent for positive-ion mode ESI analysis of 
oligonucleotide analysis. To account for the present observations, two factors have to be 
























































































































































































































found that addition of volatile component (such as methanol) into pure water could 
improve the spray efficiency and stability by reducing the surface tension of the bulk 
solution [104,105]. With the improved desolvation efficiency for spray droplets, 
stronger analyte ion signal is expected when the surface tension of the sample solution 
is reduced by appropriately adjusting the solvent composition. Simply considering the 
spray stability and the droplet desolvation efficiency, it is expected that 100% methanol 
solvent should give the highest mass spectrometry response. The observed decline in the 
analyte ion signal at methanol concentration > 50% is tentatively attributed to the 
reduced transmission efficiency of the ions through the dielectric capillary. Empirically, 
it was noted that the sample solution with high percentage of methanol generated very 
fine and stable spray. The angle of the spray cone was found to increase with the 
methanol content With the small entrance of the dielectric glass capillary, larger spray 
cone implies a reduction of the ion transmission efficiency. It is also important to stress 
that solvent with more organic nature (i.e. higher methanol percentage) might also have 
lower charge-carrying capacity. Therefore, the average number of charges per spray 
droplets might also be reduced. This might also lead to a decline of the [M+2H]2+ 
signal. 
3.3.4 Effect of analyte concentration 
To optimize the production of the [M+2H]
2
. species for the subsequent electron capture 
dissociation experiments, it was necessary to establish the relationship between the 
signal intensity of [M+2H]
2+
 and the analyte concentration [85，106]. In this section, 
d(CCGCC) was used as analyte and it's concentration was systematically varied from 1 
x 10"
5
 up to 5 x 10^ M. The sample was dissolved in 50% methanol and was added with 
5 m M ammonium formate. Triplicate experiments were performed to obtain statistical 
information. Figure 3.6 summarizes the intensity variation of [M+2H]
2+
 of d(CCGCC) 
as a function of the analyte concentration. The [M+2H]
2+
 signal was increased linearly 
by an order of magnitude when the concentration of d(CCGCC) was increased from 1 x 
10"
5
 M to 2.5 x 10"
4
 M. At higher analyte concentration, the [M+2H]
2+
 signal was 
suppressed. Our findings is consistent with the previously work by Tang and Kebarle 
[85] that the correlation between the ESI response and analyte concentration was 
characterized by two distinct regions, one is the linear region and the other is the 
level-off region. In the present study, the suppression of signal response at high analyte 
concentration was attributed to the competitive formation of [2M+3H]
3+













































































































































































































As shown in Figure 3.6，the [2M+3H] + species was found to increase progressive with 
the analyte concentration. 
3.4 Conclusions 
Through a systematic study of experimental parameters, we have demonstrated that the 
signal response of doubly protonated oligonucleotide ions could be improved. The 
performance of the signal response was strongly influenced by the solution properties of 
the sample solution, such as type and concentration of ammonium salts, the solvent 
composition and the concentration of analyte. The presence of 5 m M ammonium ion in 
the sample solution could maximize the production of [M+2H] species with a 
concomitant suppression of the alkali metal adduction. Inorganic ammonium salts, such 
as NH4F and NH4H2PO4, were particularly effectively in suppressing the alkali metal 
ion adduction to the oligonucleotide ions. In comparison with these ammonium salts, 
the former is preferable as the latter was found to induce frequent clogging of the ion 
transfer dielectric capillary. The [M+2H]
2+
 signal was maximized at an analyte 
concentration of 2.5 x 10"
4
 M using 50% methanol solution. 
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Chapter Four 
Electron Capture Dissociation of Model Oligonucleotides 
4.1 Introduction 
Although the use of E C D method for tandem mass spectrometry analysis of 
peptides/proteins has become increasingly popular [108-110], the mechanism of the 
peptides/proteins dissociation remains unclear [111]. The prevailing mechanistic models 
are the so-called “hot hydrogen atom" and "superbase" models. The "hot hydrogen 
atom" model involves the "landing" of the electron at the chargii^ site [15]. 
Ion-electron recombination at a protonated amine leads to the formation of a 
hypervalent species [111] and then tiie transfer of a hot hydrogen atom to the backbone 
carbonyl group to form the labile ketylamino radical. Decomposition of the ketylamino 
radical leads to the formation of c- and zm fragment ions. The "superbase" model 
postulates that the presence of a remote charge substantially increases the electron 
affinity of the backbone carbonyl groins [109]. Direct landing of the electron onto a 
backbone carbonyl group leads again to the formation localized anionic radical. From 
the theoretical study, this anionic radical is even more basic than arginine and is capable 
to abstract a proton from vicinity to form the labile ketylamino radical [109]. Similarly, 
decomposition of the ketylamino radical leads to the formation of c- and z' fragment 
ions. Much less is known for the dissociation mechanism of D N A fragments under ECD 
conditions. Through tiie ECD studies of a number of small oligonucleotides, Hakansson 
and co-workers proposed a dissociation mechanism to account for the observed 
fragmentation pattern. This mechanism resembles largely to the "superbase" model and 
involves the landing of the electron onto the neutral phosphate backbone to form an 
anionic phosphate radical. Decomposition of this radical leads to the characteristic w n 
and dn fragment ions. 
Through the use of series of custom-synthesized oligonucleotides with predefined 
sequences of nucleotides, this chapter aims to provide more spectral information and 
hopefully a better understanding of ECD mechanism of oligonucleotides. The 
experimental work described in this chapter divides into two major parts. First, a series 
of four pentameric oligonucleotides with a general sequence of CCXXC, where X 
corresponds to the four different nucleotides, i.e. C, A, Q and T, were examined under 
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E C D conditions. This set of experiments aims to provide general information on the 
types and relative abundances of common fragmentation products. The use of 
asymmetric sequences was to avoid mass reluctance and to differentiate wn/ dn and ajzn 
fragment ions. Second, the E C D spectra of a series of C/T binary-based pentameric 
oligonucleotides were obtained under E C D conditions. These oligonucleotides include 
d(CTCTC)，d(TCCCT), d(CTTTC), d(CCCCT) and (TCCCC). This set of experiments 
was designed to examine the correlation between the protonation site and the cleavage 
pattern of the oligonucleotides. Under the present experimental conditions, it was 
believed and confirmed that protonation was restricted to the cytosine bases, and 
thymine bases were by-large free from protonation. This is consistent with their large 
difference in relative proton affinities [112]. The goal of this investigation was 
three-fold: (a) proof was sought, whether electron captures at the protonated site (which 
are most likely at the cytosine nucleobases) is the initiating step for E C D fragmentation 
of positive oligonucleotide ions; (b) to identify the location of the base loss at product 
ions oiw/d and z/a types; (c) to differentiate the w/d and [z/a+H]m fragment ion pairs. 
4.2 Experimental and instrumental section 
4.2.1 Materials 
All materials were obtained commercially and were used without ftuther purification. 
HPLC grade methanol was purchased form LabScan, Ireland. Formic acid (98.7 %), and 
ammonium fluoride (98 %) were purchased from Sigma Chemical, St. Louis, M O . 
d(CCCCC), d(CCAAC), d(CCTTC) and d(CCGGC) oligonucleotides were purchased 
from Bio-Synthesis Inc., as their crude ammonium salts and were used without further 
purification. d(CTCTC), d(CTTTC), d(TCCCT), d(TCCCC) and d(CCCCT) were 
synthesized in-house as their crude ammonium salts. 
4.2.2 Sample Preparation 
The lyophilized samples were dissolved in deionized water (18 Mft) to a concentration 
of lxio'
3
 M. Prior to nanospray ionization, the stock solutions were further diluted 





 M. All sample solutions were freshly prepared prior to mass 
spectrometry analysis to avoid alkali-ions contamination. 
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4.2.3 Instrumentation 
All experiments were performed by using a 4.7 Tesla FTMS system (Bruker Instrument 
Inc., Boston, M A ) equipped with an unshielded 4.7 Tesla superconducting magnet and a 
homemade nanospray ion source. Details of the homemade nanospray ion source have 
been reported previously [79]. (The original APEX I console was upgraded to APEX 
III). Typically, \0\iL of the sample solution was loaded into a tiered nanospray tip by 
using a 10|xL syringe and was grounded with a 15pm tungsten wire. The nanospray tip 
was positioned to 1 to 2 m m in front of a dielectric capillary. Spraying of the sample 
solution was induced by floating the front metal cap of the dielectric capillary to -900 V 
to -1100 V. A steam of heated dry nitrogen gas (~200°C) was used to warm up the 
dielectric capillary and to assist the desolvation of the analyte ions from the sprayed 
droplets. The sprayed position was adjusted by using a x-y-z manipulator and was 
monitored by C C D cameras. Ions formed were temporarily accumulated in a hexapole 
ion guide for 2 to 4 seconds before being transferred into the infinity cell [80]. Ion 
transmission from the external source into the trapped cell was achieved by using the 
standard electrostatic lens system. The sidekick ion accumulation method was used to 
facilitate the ion trapping process. In all experiments, static trapping potentials of 1.0 V 
were used. 
For the ECD experiments, the standard electrically-heated filament source was used to 
produce pulse of electron beam. The filament was made of rhenium ribbon and was 
fixed at a distance of 108 m m from the rear end of the infinity cell [80]. Details of the 
geometry of the filament source have previously been described [113]. Typical 
experimental conditions were 3.3A filament current, 4.5V average filament bias voltage 
and 500 ms electron irradiation time. To avoid time-consuming pump delay, no pulse 
gas was used in the present experiment. All ECD mass spectra were acquired in 
broadband mode using a 128 Kbytes data set. One hundred scans were summed to 
improve the signal-to-noise ratio. The time-domain signals were zero-filled once prior 
to Fourier transformation. 
4.2.4 Method of calculations 
Standard ab initio calculations were performed by using Gaussian 03 molecular orbital 
packages [114]. All the molecular geometries, including neutral and anionic radical 
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(CH3)2P04H，neutral, protonated and neutral radical methylated nucleic bases. mC, 
mA, m G and m T represent the neutral methylated-cytosine, methylated adenine, 
methylated guanine and methylated thymine, respectively. Their structures were 
optimized with density functional theory calculation using Becke's hybrid functional 
(B3LYP) [115-117] and the 6-31+G(d,p) basis set. The optimized structures were 
characterized by harmonic frequency analysis as local minima (all frequencies real). 
The B3LYP frequencies were corrected by 0.9806 and were used to calculate zero-point 
vibration corrections. Single-point energies were calculated at B3LYP level using 
6-31+G(3df, 2p) basis set. Spin contamination in calculations with unrestricted wave 
functions was found to be negligible to moderate. The <S2> operator expectation values 
were 0.75-0.77 for UB3LYP calculations of local minima. The calculated total energies, 
uncorrected harmonic frequencies and complete geometries (Cartesian atomic 
coordinates) are given. 
4.3 Results and Discussion 
4.3.1 ECD ofd(CCCCC)，d(CCAAC), d(CCTTC) and d(CCGGC) 
4.3.1.1 Generalfeatures 
Figure 4.1 shows E C D mass spectra of doubly-protonated molecules of (a) d(CCCCC)， 
(b) d(CCAAC), (c) d(CCTTC) and (d) d(CCGGC). The spectral information was 
summarized in Table 4.1. Consistent with the previous work [77] of Hakansson et al, 
dissociation of oligonucleotides by electron capture generates primarily even-electron 
w/J-type sequence ions, i.e. w//d4+ fragment ions for d(CCCCC), d(CCAAC) and 
d(CCTTC); w3+/d3+ fragment ions for d(CCCCC); and w3+ fragment ion for d(CCAAC), 
d(CCTTC) and d(CCGGC), respectively. Apart from the expected differences in the 
types of fragment ions, the E C D mass spectra of d(CCCCC), d(CCAAC), d(CCTTC) 







are the most intense w/J-type sequence ions; and the abundance of w//d4
+
 is always 
larger than that of w3+/d3+. Except the spectrum of d(CCGGC), all ECD spectra 
obtained in this study did not generate enough fragment ions for complete mapping of 
the oligonucleotide sequence. Due presumably to the lability of the protonated cytosine, 
these E C D spectra have strong figment ions corresponding to the loss of a cytosine 
base from w/d-, z/a-, and x4r-type fragment ions. For d(CCGGC), fragment ions 
corresponding to the loss of a guanine base from d- and a-type fragment ions were also 
observed. Some [z+H]. /[a+H]0-type radical ions were observed as minor fragment 
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ions in these E C D mass spectra. 
4.3.1.2 Protonated nucleobases and nucleoside-like fragments 
Inspecting the low-mass regions of Figure 4.1(a-d), it is interesting to find that signals 
corresponding to the protonated bases and nucleoside-like fragment ions were also 
observed. These low-mass fragment ions have not previously been reported [77,78]. For 
d(CCCCC), the observed low-mass fragment ion corresponds to the protonated base 
fragment ions CH\ where C represent a neutral cytosine base. The other low-mass ion 
at m/z 192 was assigned as [C+C5H50+H]+ with a proposed structure as shown in 
Figure 4.2. This nucleoside-like fragment ion has previously been observed in the CID 
mass spectra of oligonucleotides [67]. Similar low-mass fragment ions were also 
observed in d(CCAAC) and d(CCTTC). For d(CCAAC), the low-mass fragment ions 
include protonated base, C/T and Aff^; and nucleoside-like fragment ions, 
[C+C5H50+H]+ and [A+C5H50+HJ+• For d(CCTTC), only protonated cytosine (CH") 
and the corresponding nucleoside-like fragment ion, [C^C5H50+HJ+ were observed. 
Protonated thymine base (Tit) and the corresponding nucleoside-like fragment ion, 
[T+C5H50+H]+ were not observed (see Figure 4.1 (c)). 
The formation of internal nucleoside-like fragment ions, such as [A+C5H50+H]+ from 
d(CCAAC), is intriguing and is fundamentally important. From the E C D experiment of 
a doubly-protonated oligonucleotide species, this type of internal nucleoside-like 
fragment ions were generated from c叩ture of one electron and cleavage of two separate 
backbone linkages. Intuitively, this internal fragment ion could be formed from 
secondary dissociation of the ECD-induced primary fragment ions due presumably to 
the excess internal energy deposition during the ion-electron recombination process. 
Because of the absence of larger internal fragment, this secondary dissociation should 
not be formed from even-electron fragments and should be formed by radical initiated 
reactions. This type of secondary dissociation has previously been observed in hot-ECD 
ofpeptides/proteins in which the labile z+0 could undergo side chain loss reactions [118]. 
Scheme 4.1 and 4.2 show plausible mechanisms for the formation of the protonated 
nucleobase fragment ions and nucleoside-like fragment ions. In both schemes, the 
[z+H]+. was attributed to be the key intermediate for the formation of protonated 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































abundance of [z+H]+. species in E C D of peptides/proteins [73], [z+H]+. species in 
E C D spectra of oligonucleotides were usually of low abundance with respect to other 
even-electron fragment ions, such as w„+/d„+. From Scheme 4.1 and 4.2, [zn+H]+. 
species could undergo two competitive reactions leading to the formation of [B+H]+ 
and [Zrr-B]0 (or [B] and [zn-B+H]+*y，and [z(n-”]*，H3PO4 and nucleoside-like fragment 
ions (or [z(n_i)+H]+*, H3PO4 and nucleoside-like neutral fragment). The former 
dissociation pathway involves 1,2-elimination reaction, whereas the latter dissociation 
pathway involves the elimination of a neutral phosphate moiety and the formation of 
another [zm+H]+. species (where m=n-l). To observe the nucleoside-like fragment ions 
and protonated nucleobase, the nucleobase must have sufficient high proton affinity. 
The absence of [T+C5H50+HJ+ and Tft in E C D of d(CCTTC) is consistent with the 
relatively low proton affinity of thymine base. 
4.3.1.3 Doubly-charged fragments ions 
Figure 4.1(d) shows a typical E C D mass spectrum of doubly-protonated d(CCGGC). 
Compared with mass spectra of oligonucleotides without guanine base (i.e. d(CCCCC), 
d(CCAAC) and d(CCTTC)), the mass spectrum of d(CCGGC) displays many common 
fragment ions, including w4+, [w4-C]+，[z4-C]+9 protonated bases fragment ions (CH^ 
and Git) and nucleoside-like fragment ions (JC+C5H50+HJ+ and [G+C5H50+H]+). 
However, this spectrum also displays some doubly charged fragment ions, such as w 4 
and [M-C+2H]2+. The formation of doubly-charged fragment ions from the electron 
capture dissociation mass spectrum of a doubly-protonated oligonucleotide species is 
intriguing. Such doubly-charged fragment ions have also been reported in literature [78]. 
The possibility of generating these fragment ions from metastable decay of the 
doubly-charged precursor ions was eliminated by performing an additional control 
experiment. This control experiment was conducted right after the acquisition of the 
normal E C D spectrum of d(CCGGC) using the same tuning conditions and pulse 
program except the electron irradiation event. The electron irradiation event was 
replaced by a delay of the same duration. To eliminate the possible complication of 
blackbody radiation irradiative dissociation, the electron gun (i.e. the filament) was kept 
at high temperature in both actual and control experiments. The control experiment 
verified that these doubly-charged fragment ions were indeed generated by the electron 
irradiation event Hakansson et al. attributed the formation of these doubly charged 
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fragment ions to the zwitterions nature of the precursor ions [78]. The authors 
postulated that the gas-phase doubly-charged precursor ions might adopt a configuration 
that has at least three protonated nucleobases and one deprotonated phosphate group. 
Even one protonated nucleobase is neutralized by the incoming electron, the cleavage 
product ions can still be a doubly-protonated species so long as the other dissociation 
product can carry the deprotonated phosphate group. In a glance, this proposal seems 
logical. However, close inspection of the model reveals some problems. Under this 
model, if one fragment is positively charged with two protons and the other fragment 
must be negatively charged with a deprotonated ftinctional group. Splitting of these 
oppositely charged fragments is energetically unfavorable process. In addition, this 
model cannot possibly be used to account for the formation of w 4 fragment ion as 
found in the present study. For a pentameric oligonucleotide precursor ion, w 4 
fragment ion carries all the backbone phosphates. It implies that the other departing 
fragment could not contain any deprotonated functional groups. A plausible explanation 
for the formation of these doubly-charged fragment ions involves the electronic 
excitation dissociation (EED) process. In a typical EED process, the precursor ions are 
electronically excited by some high-energy electrons (> 20eV) to a repulsive stage that 
leads to unimolecular dissociation of the precursor ions. No change in the charge-state 
of the precursor ions is involved in the whole process. Therefore, singly-charged 
precursor ions can give singly-charged fragment ions; and doubly-charged precursor 
ions can give doubly-charged fragment ions. This process has also previously been used 
to explain the metastable dissociation of precursor ions formed by M A L D I method 
[108]. Although the average energy of the electrons used in the present ECD experiment 
was only 4.5eV, the actual energy distribution of the electron beam could be quite broad. 
It was quite feasible that these doubly charged fragment ions were induced by 
high-energy portion of the electron beam. In addition, the reference value of 〜20eV for 
EED process was derived from experiments using peptide ions. The on-set conditions 
for EED of doubly-charged oligonucleotide ions might be substantially milder than that 
of singly-charged peptide ions. 
4.3.2 Theoretical calculation of electron capture affinities of common 
functionalities in oligonucleotides 
To investigate the dissociation mechanisms of oligonucleotide ions under ECD 
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condition, it is necessary to have some information regarding the landing site of the 
incoming electron. In this section, the electron affinities of common functionalities of 
oligonucleotides were computed using DFT calculations. Scheme 4.3 shows the 
structures of the models used to compute the electron affinities. These models include 
four different protonated methylated nucleobases, dimethylated phosphate and 
protonated deoxyribose monophosphate 5'dCMP and 3'dCMP. The protonated sites of 
the methylated nucleobases were assigned based on the literature reports [119-121]. 
Briefly, these include Ni of adenine, N7 of guanine, N3 of cytosine and O4 of thymine. 
Using the present methylated models and level of computation, the proton affinities of 
these methylated nucleobases are -233.0 kcal/mol, -231.0 kcal/mol, -227.9 kcal/mol and 
-208.9 kcal/mol for m Q mC, m A and mT, respectively. Table 4.2 summarizes the 
computed electron affinities. It is found that the electron capture reaction of protonated 
methylated nucleobases are quite exothermic (ranging from -102 to -124 kcal/mol); 
whereas the electron capture reaction of dimethylated phosphate is highly endothermic 
(+ 314 kcal/mol). Using protonated 5'-deoxycytidine monophosphate (5'dCMP) and 
protonated 3'-deoxycytidine monophosphate (3'dCMP) models, the electron capture 
reaction of the 5'dCMP was found to be roughly 10 kcal/mol more exothermic than that 
of the 3'dCMP (please double confirm the numbers). There are several limitations 
associated with these calculations. These calculations were performed using simple 
truncated functionalities of oligonucleotides. The effect of remote charges, electronic 
effect of the sugar ring and the influence of the intramolecular interactions of the “real” 
oligonucleotide ions were not considered. The former is particularly important as a 
recent report has shown that remote charges can substantially increase the electron 
affinity of carbonyl group in peptides [15]. Nevertheless, the results of these simple 
calculations imply that electron capture at the protonated nucleobases should be 
energetically more favorably than the neutral phosphodiester groups. 
4.3.3 Electron capture dissociation of C/T binary-based Oligonucleotides 
To consolidate this electron capture model, a series of custom-synthesized C/T 
binary-base oligonucleotides were examined under ECD conditions. From the proton 
affinity values of the methylated nucleobases, it was postulated that protonation at 
cytosine should be energetically more favorable than that of thymine. This postulation is 
consistent with the literature findings [119] that doubly-protonated d(G5), d(C5) and 










































































































































































































































































































































































































































































































































































under typical electrospray ionization conditions. As a consequent, the charging positions 
of an oligonucleotide could be controlled by varying the number and position of the C 
and T nucleotides within the C/T binary-base oligonucleotide ions; and the importance 
of the protonated nucleobases on the electron capture event could be studied. 
4.3.3.1 ECD ofd(CTCTC), d(TCCCT) and dfCTTTC) 
Figure 4.3(a-c) show typical ECD mass spectra of doubly-protonated d(CTCTC)， 
d(TCCCT) and d(CTTTC), respectively. The spectral information was extracted and 
was summarized in Table 4.3. Because of the symmetry of these oligonucleotides, many 
of the characteristic fragment ions are isomeric in natures and have exactly the same 
m/z values. Typical isomeric fragment ions include w„ and dn ions; xn and cn ions; yn and 
bn ions; and zn and an ions. Based on simple mass measurements, these ions could not be 
differentiated and were labeled with a "slash". ECD spectra of these oligonucleotide 
ions show series of fragment ions corresponding to w/d type, z/a type and x/c type. The 
reduced precursor ions and some of fragment ions were found to undergo additional loss 
of one (or two) cytosine moiety. For the ECD mass spectra of d(CTCTC) and 
d(TCCCT), reasonable strong signals were found at /w/z's corresponding to the Cft and 
[C+C5H50+HJ+. Only Clf was however found in the ECD spectrum of d(CTTTC). 
Close inspection of the speciation of individual fragment ions, it was discovered that 
there exists a strong correlation between the positions of the cytosine units and the 
presence (or absence) of certain members of Wr/dn fragment ions. For instance, ECD of 
d(CTCTC) gave w4+/d4+ and « ， b u t not w3+/d3+ fragments; ECD of d(TCCCT) 










4.3.3.2 ECD ofd(CCCCT) and d(TCCCC) 
Figure 4.4(a-b) show typical ECD mass spectra of doubly-protonated d(CCCCT), and 
d(TCCCC), respectively. The spectral information was extracted and was summarized 
in Table 4.4. Because of the asymmetric nature of these oligonucleotides, wn and dn ions; 
xnand cn ions; ynand bn ions; and z„ and a„ ions are no long isomeric ion pairs. ECD 
experiments of these oligonucleotides should provide valuable information for the 
confirmation of the existence of wn and/or dn; [z+H]' and/or [a+H]* fragment ions. 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































corresponding to w-t d- and /z+Af/#-type. The reduced precursor ions and some of 
fragment ions were found to undergo additional loss of one (or two) cytosine moiety. In 
both cases, reasonable strong signals were found at m/z's corresponding to the C¥t and 
[C+C5HsO+H]+. Again, there exists a strong correlation between the positions of the 
cytosine units and the presence (or absence) of certain members of w„/d„ fragment ions. 
For E C D experiments of d(CCCCT), w4+, w3+, w2+, d^, d2+ and species were 
formed with no trace of d/ or any members of [an+H]+m. In contrast, the E C D spectrum 
of d(TCCCC) gives d/，d3+, w3+ and [z4+H]“ species but not w4+ or any members of 
[an+H]+\ 
Based on the experimental results derived from the E C D mass spectra of these five C/T 
binary oligonucleotide ions, several empirical correlations could be obtained: (1) 
cytosine base at (5-n) nucleotide (count from 5'- to 3'-terminal) is essential for the 
formation of w n
+
 species; (2) cytosine base at (n+1) nucleotide is essential for the 
formation ofdn+; (3) only [zn+H]+0 were formed from E C D of oligonucleotides; (4) as 
reflected from the absence of Tlf and [T+C5H5O^H]+ in all spectra, there is no 
evidence for thymine base to be protonated in these C/T binary base oligonucleotide 
ions under the stated experimental conditions. 
4.3.4 Mechanistic Implications 
Table 4.5 summarizes the spectral information related to from backbone cleavage of the 
various C/T binary base oligonucleotides under E C D conditions. Based on consistency 
evaluation, there seems to be strong correlation between the position of cytosine and the 
production of sequence specific ions. For instance, the presence of cytosine at position 1 
seems to be essential for the formation ofw4+. Other correlation pairs include cytosine 
at position 2 for the formation of w/，d3+，[z3+H]+' and [z4^H]+m; cytosine at position 3 
for the formation of w/，d2+ and [z3+H]+•； cytosine at position 4 for w3+, d3+，[z3+H]+' 
and [Z4+H] +0\ and cytosine at position 5 for d4+. Some correlation ambiguities could 
however be found using the spectral information generated from these oligonucleotides. 
For instance, cytosine at both position 2 and 4 could be correlated to the formation of 
W3
+
f d3+ and [Z3+HJ +0 ； and cytosine at both position 2, 3 and 4 could be correlated to 






























































































































































































































































































































































































































those unambiguous correlations must first be explored. For instance, the remote 
cytosine at position 1 and 2 were found to have no effect on the formation of d/; and 
the remote cytosine at position 4 and 5 have no effect on the formation of w/. Using the 
same token, the presence of remote cytosine at position 4 should not lead to the 
formation of w / nor [z4+H]+•； and the cytosine at position 2 should not lead to the 
formation of d3+. If the formation of [z4^H]+0 was associated with the cytosine at 
position 2，then the formation of [z3+H]+0 should be associated with the cytosine at 
position 3. Scheme 4.4 summarizes the simplified correlation. Briefly, the formation of 
w n
+
 fragment was associated with the presence of cytosine at the 5'side of the cleavage; 
whereas the formation of d„+ and [zn+H]+* fragment was associated with the presence 
of cytosine at the 3'side of the cleavage. In addition, the formation of cytosine 
nucleoside-like fragment ions was also correlated well with the presence of cytosine at 
the internal nucleotides; i.e. at least at either position 2,3 or 4. 
Table 4.6 summarizes the base-loss information obtained from ECD tandem mass 
spectrometry analysis of various C/T binary base oligonucleotides. Again, strong 
correlation exists between the cytosine position and the occurrence of specific base-loss 
fragments. Cytosine at position 1 seems to correlate with the formation oi [w4-C]+ and 
[x4-C]+; cytosine at position 2 correlates with [wrC]+ and [x3-C]+; cytosine at position 
4 correlates with [d3-C]+; and cytosine at position 5 correlates with [d4-C]+. Based on 
these unambiguous correlations, the formation of [xrC]+ in d(TCCCC) should then be 
correlated with the cytosine at position 3. Some correlation ambiguities could also be 
found in Table 4.6. For instance, [ z ^ - C f species could be observed in the ECD 
spectra of both d(CTCTC), d(TCCCT) and d(CTTTC); d(CTCTC) gave both 
[zya4-CJ+ and [zs/a3-C]+ species; and only [a4-C]+ was found in the ECD spectrum of 
d(TCCCC). To satisfactorily explain these observations, it was postulated that both 
[zn-C]+ and [a„-CJ+ species can formed in the E C D of oligonucleotide ions; and their 
formation have different correlation relationship with respect to the cytosine position. 
Based on these postulations, [z4-C]+ species is correlated with the cytosine at position 1; 
whereas [a3-C]+ and [a4-C]+ species are correlated with the cytosine at position 3 and 4, 
respectively. Scheme 4.5 summarizes the simplified correlation. Briefly, the formation 
oi[an-C]+, [wn-C]+, [x„-C]+ and /zn-C7+species were associated with the presence of 
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spectrometry analysis of various C/T binary base oligonucleotides. 
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associated with the presence of cytosine at the 3'side of cleavage. For the [y4-C]+ and 
[b4-C]+ species (as observed in the spectra of d(CCCCT) and d(TCCCC), respectively), 
not enough spectral information could be used to derive their correlation with the 
cytosine position. In addition, the formation of [M-C+HJ+ was correlated well with the 
presence of cytosine at either position 1 or 5; and the formation of [M-2C+H]+ was 
correlated with the presence of consecutive internal cytosine units, i.e. at positions 2, 3 
and 4. 
On the basis of the observed correlations, it is concluded that electron capture 
dissociation of doubly-protonated oligonucleotides are by-large cytosine- (or charge-) 
directed. From the available information, several possible mechanisms are proposed to 
account for the formation of some prominent fragment ions. Scheme 4.6 shows a 
sequential dissociation of the precursor ions upon capturing of an electron leading to the 
formation of [M+2H-C]+•，wn\ and [an^C]+ fragments. In this scheme, attachment of an 
electron neutralizes a protonated cytosine to generate a radical intermediate. Through 
the rearrangement of the electron density, a neutral cytosine moiety is eliminated with 
the concomitance formation of [M+2H-C]�The radical at the C-l of the sugar ring 
can initiate the formation of double bond between C-l and C-2 with an elimination of a 
hydrogen radical from C-2 to form [M+H-C]+. Alternatively, the hydrogen radical may 
interact with the phosphate group and cleave the C-O linkage to generate ^ -fragment 
The radical located at the C-3 position can further initiate the formation of double bond 
between C-3 and C-4 with an elimination of a hydrogen radical from C-4 to form [an^C] 
fragment. It is important to note that the proposed mechanism does satisfy the 
correlation requirements, i.e. the presence of a cytosine nucleobase at the 5'-side of the 
backbone cleavage is essential for the formation of and [an-C] fragments. 
Scheme 4.7 shows the formation oidn\ z：' and nucleoside-like fragments ion from the 
ECD of doubly-charged model oligonucleotides. Apart from eliminating the neutralized 
nucleobase, the reduced cytosine can also transfer a hydrogen atom to the 
phosphodiester leading to the cleavage of O-C linkage and the formation of dn and ‘ 
fragment. Having a radical at primary carbon, ‘ readily undergoes the formation of 
double bond at C4 and C5. The hydrogen atom at C4 migrate phosphodiester linkage 














































































































































































































































































































































































































































































































































































C2 and the hydrogen atom at C2 will interact with the P=0 and initiate the cleavage of 
O-C linkage. In summary, z : will undergo secondary dissociation to form 
nucleoside-like fragment, phosphoric acid (H3PO4) and z(n.i)\ The proposed mechanism 
has two important features: (a) the formation of 式 and z: fragment ions are associated 
with a protonated nucleobase at the 3'-position of the backbone cleavage site; and (b) 
zn9 can undergo secondary dissociation to form smaller zm, e.g. z(„-j,，and nucleoside-like 
fragments. 
For fw„-CJ and [dn-C] fragments, it is conceivable that these fragment ions were formed 
from the secondary dissociation of the wn and dn fragments. This is consistent with the 
fact that [wn-C] and [dn-C] fragments have the same correlation relationship with 
respect to the cytosine position as compared to their precursor species, i.e. w„ and dn, 
respectively. When an electron is being captured by the protonated nucleobase, 
ion-electron recombination at the nucleobase initiates the backbone cleavage to produce 
fragment ions. If the internal energy of those fragment ions remains high, the remaining 
energy will randomize within the fragment ion and will have finite possibility of 
undergoing a base loss reaction. In the CID of oligonucleotides [67,69,70], base loss 
from those protonated fragment ions can occur via two different possible pathways (Ei 
and E 2 mechanisms). Similarly, and dn+ fragments might also undergo Ei or E 2 
reactions to form the [w4-C]+ fragment ions. 
For [zn-C] fragments, situation becomes more complicated. These fragments have 
different correlation relationship with the cytosine position in comparison with zn\ The 
formation of zn. was found to correlate well with the presence of cytosine at the 
3'-position of the broken phosphodiester linkage; whereas [zn-C] fragments were 
correlated with the cytosine at 5'-position of the broken phosphodiester linkage. This 
implies that [zn-C] fragments are not secondary dissociation products of zn\ Another 
intriguing observation is related to the formation of [z4-C] fragments in the ECD spectra 
of d(CTTTC) and d(CTCTC). The cytosine nucleobase at the 5，-end of the 
oligonucleotides is required for the backbone cleavage and a remote cytosine 
nucleobase has to be eliminated during the backbone cleavage process. With the limited 
experimental information, the mechanism for the formation of [zn-C] in our model 
systems remains obscure. 
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4.4 Conclusion 
By cross comparing the fragmentation pattern of several model oligonucleotides under 
E C D conditions, interesting spectral features that are related to the mechanisms of 
dissociation were extracted. The formation of many prominent sequence ions was found 
to be sensitive to the position of the cytosine (or the position of the charge carrier). In 
summary, the occurrence of [w„-C]’ [an-C]} [xn-C], [zn-C] sequence ions was 
well-correlated with the presence of a cytosine nucleobase at the 5，-side of the broken 
phosphodiester linkage; whereas the occurrence of d^ [dn-C] and zn sequence ions was 
correlated with the presence of a cytosine nucleobase at the 3，-side of the broken 
phosphodiester linkage. Based on our experimental findings, it is tentatively proposed 
that the fragmentation reactions of protonated oligonucleotides were charged-directed 
with the electron being captured by the protonated nucleobase. Several feasible 




Electron Capture Dissociation of a Series of G/T Binary Base of Oligonucleotides 
5.1 Introduction 
A close inspection of the literature reports [77] and the results obtained in Chapter 4，the 
electron capture induced fragmentation behavior of oligonucleotides seems to quite 
sensitive to the type and the arrangement of the nucleobases within the oligonucleotide 
chain. It is therefore of fundamental interest to conduct separate investigations on the 
effect of the nucleobase on the dissociation mechanism of oligonucleotide ions under 
electron capture dissociation conditions. 
Using the similar approach as outlined in chapter 4，a series of synthetic 
oligonucleotides with predefined G/T sequences was investigated by E C D techniques. 
Symmetric sequences of d(GGGGG), d(GTGTG)，d(TGGGT) and d(GTTTG) and 
asymmetric sequences of d(GGGGT) and (TGGGG) were used to investigate the ECD 
fragmentation mechanism of oligonucleotide ions. Again, thymine was used to confine 
the protonation site onto the guanine [112]. By cross-comparing the results obtained in 
this study to those obtained using C/T binary base oligonucleotides, it is believed that 
more information regarding the mechanistic aspects of the oligonucleotide dissociation 
under E C D conditions would be revealed. 
5.2 Experimental and instrumental section 
5.2.1 Materials 
M l materials were obtained commercially and were used without further purification. 
H P L C grade methanol was purchased form LabScan, Ireland. Formic acid (98.7 %)， 
was purchased from Sigma Chemical, St. Louis, M O . d(GGGGG), d(GTGTG)， 
d(GTTTG), d(TGGGT), d(TGGGG) and d(GGGGT) were synthesized in-house as their 
crude ammonium salts and were used without further purification.. 
5.2.2 Sample Preparation 
The lyophilized samples were dissolved in deionized water (18 M D ) to a concentration 
of 1 x 10"
3
 M. Prior to nanospray ionization, the stock solutions were for further dilution 
using a mixture of methanol and H 2 0 (v:v 二 1:1) with 1% acetic acid to a concentration 
of 2.5 xiO"
4
 M. All sample solutions were freshly prepared prior to mass spectrometry 
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analysis to avoid alkali-ions contamination. 
5.2.5 Instrumentation 
All experiments were performed by using 4.7 tesla FTMS system (Bruker Instrument 
Inc., Boston, M A ) equipped with an unshielded 4.7 tesla superconducting magnet and a 
homemade nanospray ion source. Details of the experimental conditions used in this 
study had previously been reported in Chapter 4. 
5.3 Results and Discussion 
5.5./ Electron capture dissociation of d(GGGGG) 
Figure 5.1 shows E C D mass spectra of doubly-protonated molecules d(GGGGG). The 
spectral information was summarized in Table 5.1. Consistent with the previous work 
[77] of Hakansson et al, dissociation of oligonucleotides by electron capture generates 
primarily radical ions in which those fragment ions with a mass IDa high than that 
those obtained from the C/T binary base system. The major radical fragment ions 
correspond to reduced precursor ion, [M+2H]+\ with the loss of one and two guanine 
bases, and the major sequence fragment ions correspond to [w+HJ+0/[d+H]+0 and 
[z^H]+'/[a+HJ+0 radical ions. In addition, some [w^-H]+0/[d+H]+0 type and 
[z+H]+y[a+H广 type radical fragment ions with the loss of guanine base were also 
observed. Enough sequence specific information could be derived from this spectrum 
for deduction of the full sequence of d(GGGGG). Due presumably to the symmetry of 
the oligonucleotide sequence, it is impossible to differentiate isomeric fragment ions 
based on m/z measurement. Similar to the C/T binary base system, some minor 
fragment ions, x/c-, y/c- and 洸-type with the loss of guanine base, were also observed 
in the E C D mass spectrum of d(GGGGG). 
Inspecting the low mass regions, dissociation of d(GGGGG) by electron capture also 
generates protonated bases and nucleoside-like fragment ions. Hie observed low-mass 
fragment ion was observed corresponds to the protonated base fragment ions GH" and 
[G+C5H50+H]+，where G represent a neutral guanine base. Similar low-mass fragment 
ions were also in the E C D mass spectra of d(GTGTG), d(TGGGT), d(GGGGT) and 













































































































































































































































































































[M-G+2H]“ 1434.2774 3.0 169^9 
[M-G+H]+ 1433.2713 4.2 44.3 
[M-G-H20+2Hf 1416.2713 6.2 18.3 
w ^ r ' / d ^
0
 1336.2349 -0.6 69.4 
w4+/d4+ 1335.2379 7.5 19.8 
[M-2G^2H]+9 1283.2245 0.2 65.4 
[ w M H - G ] “ 1185.1927 4.9 30.3 





 1007.1847 1.4 80.8 
W3
+/d3+ 1006.1796 4.2 15.1 
[M+2H]2+ 792.6625 2.3 5705.1 
[M-G+2Hf+ 717.1382 2.6 69.7 
677.1238 1.3 50.5 
w42+/d42+ 688.1195 2.8 24.2 
[w2/d2-G]+ 526.0758 3.4 53.0 
[X2/C2-G]+ 508.0653 3.5 33.2 
[ y ^ G J
+
 446.1094 3.8 16.4 
[ z M - G T 428.0988 3.9 17.2 
Wl
+/d广 348.0719 4.2 50.0 
[G+C5H50+H]+ 232.0840 4.7 330.6 
[ G + H ] + 152.0564 2.0 847.1 
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Similar to the case of d(CCGGC)，the E C D spectrum of d(GGGGG) also displays some 
doubly-charged fragment ions, such as and [M-C+2HJ2+. As postulated in Chapter 
4，these doubly-charged fragment ions might be formed by the electronic excitation 
dissociation (EED) process. 
5.3.2 Electron capture dissociation of G/T binary-based oligonucleotides 
To investigate the mechanistic aspect of E C D of guanine-containing oligonucleotide 
ions, a series of custom-synthesized G/T binary-base oligonucleotides were examined 
under E C D conditions. Similar to the cases of C/T binary-based oligonucleotides, 
protonation at guanine base should be energetically more favorable that of thymine. As 
a consequent, the charging positions of an oligonucleotide could be controlled by 
varying the number and position of the G and T nucleotides within the G/T binary-base 
oligonucleotide ions; and the importance of the protonated nucleobases on the electron 
capture event could be studied. 
5.3.2.1 ECD ofd(GTGTG), d(GTTTG) and d(TGGGT) 
Figure 5.2 (a-c) show typical E C D mass spectra of doubly-protonated d(GTGTG)， 
d(GTTTG) and d(TGGGT), respectively. The spectral information was extracted and 
was summarized in Table 5.2. Because of the symmetry of these oligonucleotides, many 
of the characteristic fragment ions are isomeric in natures and have exactly the same 
m/z values. Typical isomeric fragment ions include [wn+H]+0 and [dn^HT\ Based on 
s imp ly mass measurements, these ions could not be differentiated and were labeled with 
a "slash". E C D spectra of these oligonucleotide ions show series fragment ions 
corresponding to [w/d+H]+0 type. The reduced precursor ions and some of fragment 
ions were found to undergo additional loss of one (or two) guanine moiety. For the ECD 
mass spectra of d(GTGTG) and d(TGGGT), reasonable strong signals were found at 
m/z�corresponding to the Git and [G+C5_H]+. Only GlT was however found in 
the E C D spectrum of d(GTTTG). Close inspection of the speciation of individual 
fragment ions, it was discovered that there exists a strong correlation between the 
positions of the guanine units and the presence (or absence) of certain members of 
[ w / d + H T fragment ions. For instance, ECD of d(GTGTG) gave [ w ^ H ] ^ w/d 4 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































[w3/d3+H]+0, W3/d3, [w2/d2+H]+. and wM, but not [w^+HJ^0 and w/么 fragments; 








5.3.2.2 ECD ofd(GGGGT) and d(TGGGG) 
Figure 5.3(a-b) show typical E C D mass spectra of doubly-protonated d(GGGGT), and 
d(TGGGG), respectively. The spectral information was extracted and was summarized 
in Table 5.3. Because of the asymmetric nature of these oligonucleotides, [wn+H]+0 and 
[dn+H]+0 and wn and d» are no long isomeric ion pairs. E C D experiments of these 
oligonucleotides should provide valuable information for the confirmation of the 
existence of/ww+i^/
+#
 and [d„+HJ“and w„ and fragment ions. ECD mass spectra of 
these asymmetric oligonucleotides show series of fragment ions corresponding to 
[wn+H]+* and type. The reduced precursor ions and some of fragment ions were 
found to undergo additional loss of one (or two) guanine moiety. In both cases, 
reasonable strong signals were found at m/z�corresponding to the GH" and 
[G+C5H50+Hf. Again, there exists a strong correlation between the positions of the 
guanine units and the presence (or absence) of certain members of M + 矿 and w„ 
fragment ions. For E C D experiments of d(GGGGT), [w4+H]+0t w4\ [w3+H]+•’ w3\ 
w / species were formed with no trace of wj\ In contrast, the ECD spectrum of 
d(TGGGG) gives [w3+H]+•，w3\ [w3+HJ+', w/and w , species but not [w4+HJ+0 and 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.3.3. Mechanistic Implications 
Based on the experimental results derived from the ECD mass spectra of these five G/T 
binary oligonucleotide ions, several empirical correlations could be obtained: (1) 
guanine base at (5-n) nucleotide (count from 5'- to 3'-teraiinal) is essential for the 
formation of [wn+H]+0 and species; (2) different from C/T binary-based 
oligonucleotides ions, no [dn+H]+' were formed from ECD of G/T binary-based 
oligonucleotides; (3) as reflected from the absence of Tlf and [T+C5H50+H]+ in all 
spectra, there is no evidence for thymine base to be protonated in these G/T binary base 
oligonucleotide ions under the stated experimental conditions. The difference between 
of them is that, for G/T binary base oligonucleotides under ECD conditions, electron 
capture generates more radical ions. Table 5.4 summarizes the spectral information 
related to from backbone cleavage of the various G/T binary base oligonucleotides 
under ECD conditions. Similar to the cases of C/T binary base oligonucleotides, there 
seems to be strong correlation between the position of guanine and the production of 
sequence specific ions. 
For instance, the presence of guanine at position 1 seems to be essential for the 
formation o f w ^ ' and w/. Other correlation pairs include guanine at position 1 and 2 
for the formation of w 3 H " and w 3 +; guanine at position 3 for the formation of w2+； 
guanine at position 4 for the formation of wj
+
. To eliminate those ambiguous 
correlations, the generality of those unambiguous correlations must first be explored. 
For instance, the remote of guanine at position 1 was found to have no effect on the 
formation of w W and w3H" and w/; and the remote of guanine at position 2 should 
not lead to the formation of w 5/T
#
 and Therefore, if the formation of w ^ ' m d 
w / were associated with the guanine at position 1 and the formation of and w 3
+ 
were associated with the guanine at position 2, then the formation of w j T ' and w„
+ 
were associated with the guanine at position (5-n). Scheme 5.1 summarized the 
simplified correlation. Briefly, the formation o f ^ ' a n d were associated with the 
presence of guanine at the 5'side of the cleavage. In addition, the formation of guanine 
nucleoside-like fragment ions was also correlated well with the presence of guanine at 
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Scheme 5,1 L . , . 
A simplified correlation of the spectral information related to from backbone cleavage 
of the various G/T binary base oligonucleotides under ECD tandem mass spectrometry 
conditions. 
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Table 5.5 summarized the base-loss information obtained from E C D tandem mass 
spectrometry analysis of various G/T binary base oligonucleotides. Again, strong 
correlation exists between the guanine position and the occurrence of specific base-loss 
fragments. Guanine at position 1 seems to correlate with the formation of [w4H-G]
+0
. 
Based on this unambiguous correlation, the formation of in d(TGGGG) 
should be then correlated with the guanine at position 2. Some correlation ambiguities 
could also found in Table 5.5. For instance, guanine at position 3 seems to correlate with 
the formation oi [a3H-G]+9 and [a3-G]+，and guanine at position 4 seems to correlate 
with the formation oi [a^-G]^ and [a4-G]+ respectively. Based on these unambiguous 
correlations, the formation of [a2-GJ+ in d(GGGGT) should be correlated with the 
guanine at position 2. The formation of [a3-G]+ in d(TGGGG) should be correlated with 
the guanine at position 3. Also, guanine at position 5 seems to correlate with the 
formation of [M-G-H2O+2H]+0. Scheme 5.2 summarizes the simplified correlation. 
Briefly, the formation of [w„H-G]+.，[anH-GJ+0 and [an-G]+ were associated with the 
presence of guanine at the 5'cleavage. For another base-loss fragment species as shown 
in Table 5.5, not enough spectral information could be used to derive their correlation 
with the guanine position. In addition, the formation of [M-2G+2H]+0 was correlated 
with the presence of four consecutive internal guanine units, i.e. at positions 1, 2, 3 and 
4. 
A plausible mechanism for the E C D fragmentation of the G/T binary base of 
oligonucleotides based on electron initially capture at the protonated base is proposed in 
Scheme 5.3. Similar to previous proposed mechanism (Scheme 4.1), neutralization of 
the protonated nucleobase by the incoming electron leads to the elimination of a neutral 
nucleobase to form the ion radical intermediate, [M-G+2H]“ Depending on the way in 
which the sugar ring is opened, two decomposition pathways could be resulted. In the 
pathway 1，the radical at the l'C initiates the formation of a C-C double bond between 
1，C and 2，C; and a hydrogen atom from 2'C undergoes a 1-4 shift to the phosphate 
backbone. Cleavage of the 3,00 linkage initiates the formation of a C-C double bond 
between 3'C and 4'C. Finally, a hydrogen atom is migrated from the 4’C to the 
phosphate group to form wH0and a-Base fragments. Alternatively, the radical at the l'C 
can initiate the formation of a C-O double bond (pathway 2) with a migration of the 
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A simplified correlation of the base-loss information obtained from ECD tandem mass 





























































































































































































































































lead to the cleavage of 3'C-O linkage and the migration of the hydrogen atom from the 
2'C to the phosphate group. These reactions lead to the formation of w- and 
[a-Base+H]0 fragments. If the neutralized guanine is formed initially at the 3'-terminal 
of the oligonucleotide, the pathway 2 can also be used to explain the formation of 
[M-G-H2O] fragment ions. 
5.4 Conclusion 
By cross comparing the fragmentation pattern of several model oligonucleotides under 
E C D conditions, interesting spectral features that are related to the mechanisms of 
dissociation were extracted. The formation of many prominent sequence ions was found 
to be sensitive to the position of the guanine (or the position of the charge carrier). In 
summary, the occurrence of 〜 w n i r , [an^G], [an-G+H]0 sequence ions was 
well-correlated with the presence of a guanine nucleobase at the 5，-side of the broken 
phosphodiester linkage; whereas the occurrence of [dn-C] sequence ions was correlated 
with the presence of a guanine nucleobase at the 3'-side of the broken phosphodiester 
linkage. In contrast to the results obtained from C/T binary based oligonucleotide ions, 
it was also interesting to note that no observable dn and zH0 sequence ions could be 
observed in the ECD spectra of G/T binary based oligonucleotide ions. Several feasible 
mechanisms of dissociation were proposed to account for the observed fragmentation 
pattern. The presence experimental findings could be used to further strengthen the 
proposal that the fragmentation reactions of protonated oligonucleotides were 




In this thesis, three fields are discussed. 
Through a systematic study of experimental parameters, we have demonstrated that the 
signal response of doubly protonated oligonucleotide ions could be improved. The 
performance of the signal response was strongly influenced by the solution properties of 
the sample solution, such as type and concentration of ammonium salts, the solvent 
composition and the concentration of analyte. The presence of 5 m M ammonium ion in 
the sample solution could maximize the production of [M+2H]
2+
 species with a 
concomitant suppression of the alkali metal adduction. Inorganic ammonium salts，such 
as NH4F and NH4H2PO4, were particularly effectively in suppressing the alkali metal 
ion adduction to the oligonucleotide ions. In comparison with these ammonium salts, 
the former is preferable as the latter was found to induce frequent clogging of the ion 
transfer dielectric capillary. The [M+2H]
2+
 signal was maximized at an analyte 
concentration of 2.5 x 10"
4
 M using 50% methanol solution. 
Electron capture dissociation spectra of C/T binary base and Gfl binary base 
oligonucleotides were performed with a commercial available Fourier Transform Ion 
Cyclotron Resonance Mass Spectrometer. Through a systematic investigation of several 
model oligonucleotides under E C D conditions, interesting spectral features that related 
to the mechanisms of dissociation were extracted. 
Using a series C/T binary base of oligonucleotide, by cross comparing the 
fragmentation pattern of several model oligonucleotides under ECD conditions, 
interesting spectral features that are related to the mechanisms of dissociation were 
extracted. The formation of many prominent sequence ions was found to be sensitive to 
the position of the cytosine (or the position of the charge carrier). In summary, the 
occurrence of 〜[w n -C] , [an-C], [xn-C], [zn-C] sequence ions was well-correlated with 
the presence of a cytosine nucleobase at the 5'-side of the broken phosphodiester 
linkage; whereas the occurrence of ‘ [dn-C] and zn sequence ions was correlated with 
the presence of a cytosine nucleobase at the 3'-side of the broken phosphodiester 
linkage. Based on our experimental findings, it is tentatively proposed that the 
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fragmentation reactions of protonated oligonucleotides were charged-directed with the 
electron being captured by the protonated nucleobase. Several feasible mechanisms of 
dissociation were proposed to account for the observed fragmentation pattern. 
Also, using G/T binary base oligonucleotide, by cross comparing the fragmentation 
pattern of several model oligonucleotides under E C D conditions, interesting spectral 
features that are related to the mechanisms of dissociation were extracted. The 
formation of many prominent sequence ions was found to be sensitive to the position of 
the guanine (or the position ofthe charge carrier). In summary, the occurrence of 
wji0, [an-G], [an-G+H]. sequence ions was well-correlated with the presence of a 
guanine nucleobase at the 5'-side of the broken phosphodiester linkage; whereas the 
occurrence of [dn-C] sequence ions was correlated with the presence of a guanine 
nucleobase at the 3'-side ofthe broken phosphodiester linkage. In contrast to the results 
obtained from C/T binary based oligonucleotide ions, it was also interesting to note that 
no observable dn and zH0 sequence ions could be observed in the ECD spectra of G/T 
binary based oligonucleotide ions. Several feasible mechanisms of dissociation were 
proposed to account for the observed fragmentation pattern. The presence experimental 
findings could be used to further strengthen the proposal that the fragmentation 
reactions of protonated oligonucleotides were charged-directed with the electron being 
captured by the protonated nucleobase. 
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Appendix A 
Simple ESI FTICR-MS experiment 
Experiment description 




;#ESlconditional_pp D M bb lu setnmr3|30 ； bit 30 hi = unmixed signal to 
ADC— 
;#ES_conditionai_pp D M hires lu setnmr3
A
30; bit 30 low = mixed signal to 
ADC— 
;#ES_conditional_pp RGAIN high lu setnmr3
A
28; bit 28 low 二 Receiver gain 
high 
;#ES_conditional_pp RGAIN low lu setnmr3p8 ； bit 28 hi = Receiver gam 
low 
；Start Scan Accum Block (NS loop) 
;#ES_block "Start Experiment" 
;#ES:bitmap "start2.bmp" 
;#ES_eventtype userdelay 
;#ES_parameter dO . 
I z e ； clear memory buffers in RCU 
10 dO setnmr4|7 ； turn on Ultra RF amp 
(AGPP OUT[0]) ^ 
一 ； N O T E : dO must be 100ms or 
foureset:fl ； reset phase ofDDS in FCU 1 
；Source Quench Block 








；Cell Quench Block 




& = S ”





；Trap Plate Block 
;#ES—block "Raise trap potential" optional on 
124 
;#ES bitmap "raise_trap.bmp" 





；Hexapole Accumulation Block 
;#ES—block "Hexapole Accumulation" 
;#ES:bitmap "hexjiilbmp" 
;#ES_eventtype user delay 
;#ES_parameter dl 
20 dl ； post quench delay 
；Ionization Block 








；Pulsed Valve Block 
;#ES一block "Cooling gas" optional off 
;#ES:bitmap "p_valve.bmp" 
;#ES_eventtype user_pulse 
;#ES parameter 626 d5 、 




躬 ；Pulsed Valve pumpdown 
；Ion Accumulation Block 




l^to 20 times 130 ； collect L[30] hexapole fillings 
d6 
；Trap Plate Block 
;#ES一block "Lower trap potential" optional on 
；#ES:bitmap "lower_trap.bmp" 
;#ES_eventtype user_pulse 
3 0 ^ 7 ^ 1 ^ 2 0




20 n . “ 
lo to 30 times 124 ； steps in voltage ramp 
d 8 ； final pump down delay 





;#ES bitmap "excite.bmp" 
;#ES_eventtype excitation sweep 
;#ES_parameter p3 pl3 
10upl3:fl ； set attenuation for excitation 
(FCU-1) 
;#ES_conditional_pp E M shot (p3 phi fql):fl ； detection excitation shot 
;#ESlconditional_pp E M shot ;#FC_ fql :fl excitation_shot 
;#ES_conditional_pp E M sweep 40 (p3 phi fql):fl ； detection excitation sweep 
;#ESlconditional_pp E M sweep lo to 40 times 131;L[31] steps in sweep 





;#ES~parameter d30 ^ 
lu setnmr4
A
7 ；turn off Ultra RF amp before detect 
(AGPP_OUT[0]) . 
430 ； receiver dead time 





^ #o ； write data to disk 
e x i t ； end of acquisition/experiment 
；Phase program definitions for FCUs A A 1 Q n l f i n 
phl=0 0 2 2 ； p h a s e program: 0 0 180 180 
126 
Appendix B 
ESI E C D FTICR-MS experiment 
Experiment description 




;#ESlconditional_pp D M bb lu setranr3|30 ； bit 30 hi = unmixed signal to 
ADC~ 
;#ES_conditionaljpp D M hires lu setnmr3
A
30; bit 30 low = mixed signal to 
ADC" 
;#ES_conditionaljpp RGAIN high lu setnmr3
A
28; bit 28 low = Receiver gain high 
';#ESlconditional_pp RGAIN low lu setnmr3|28 ； bit 28 hi = Receiver gain low 
；Start Scan Accum Block (NS loop) 
；•一block "Start Experiment" 
;#ES:bitmap "start2.bmp" 
;#ES_eventtype user一delay 
;#ES_parameter dO . 
i z e ； clear memory butters m KCU 
10 dO setnmr4|7 ； turn on Ultra RF amp 
(AGPP OUT[0]) t , v 一 ； NOTE: dO must be 100ms or 
^ l O u reset:fl ； reset phase ofDDS in FCU 1 
；Cell Quench Block 






;#ES^parameter d4 d27 





；Source Quench Block 









；Trap Plate Block 
;#ES_block "Raise trap potential" optional on 
127 
;#ES_bitmap "raise_trap.bmp" 





；Hexapole Accumulation Block 
;#ES_block "Hexapole Accumulation" 
;#ES:bitmap "hex_fill.bmp
H 
;#ES_eventtype user delay 
;#ES_parameter dl 
20 dl ； post quench delay 
；Ionization Block 









；Pulsed Valve Block 
;#ES_block "Cooling gas" optional off 
;#ES_bitmap "p_valve.bmp" 
;#ES_eventtype user_pulse 
;#ES_parameter d26d5 ………、 




躬 ；Pulsed Valve pumpdown 
；Ion Accumulation Block 
;#ES_block "Ion Accumulation" optional on 
;#ES:bitmap "ion_accum.bmp" 
;#ES_eventtype user_pulse 
二 3 0 ； collect U30] hexapole 
fillings 
d6 
； STAGE 1 OF EXPERIMENT _ _ = = = = = = ： 
；MS/MS Selection Block 




1 5 1 4 ； set attenuation for correlated sweep 
(FCU-1) 
128 
30 (p4 ph2 fql):fl ； correlated sweep 
lo to 30 times 10 ； L[0] steps in sweep 
;#ES—flag一comment ;#FC_ fql:fl corr sweep 0 
；Cleanup Shots Block 
;#ES_block "Isolation Shots (MS-2)" optional off 
;#ES:bitmap "cl_shots.bmp" 
;#ES_eventtype corr shot 
;#ES_parameter p7 pl7 
10u pl7:fl ； set attenuation for shots (FCU-1) 
40 (p7 ph2 fql):fl ； high resolution clean-up shots 
lo to 40 times 13 ； L[3] total shots 
;#ES—flag一comment ;#FC_ fql:fl corr—shot 0 
；Pulsed Valve Block 

















；Trap Plate Block 
;#ES一block "Lower trap potential" optional on 
;#ES:bitmap "lower—trap.bmp" 
;#ES_eventtype user_pulse 
;#ES parameter d8 d9 , .丄 




20 . , 
lo to 50 times 124 ； L[24] steps in voltage ramp 
； final pump down delay 




;#ES 一eventtype excitation一sweep 
;#ES_parameter p3 pl3 
129 
1 Ou pl3 :fl ； set attenuation for excitation (FCU-1) 
;#ES_conditional_pp E M shot (p3 phi fql):fl ； detection excitation shot 
;#ES:conditional_pp E M shot ;#FC_ fql :fl excitation_shot 
;#ES_conditional_pp E M sweep 60 (p3 phi fql):fl ； detection excitation sweep 
';#ESlconditionaljpp E M sweep lo to 60 times 131 ； L[31] steps in sweep 







7 ； turn off Ultra RF amp before detect 
(AGPP_OUT[0]) 
d30 ； receiver dead time 





^ #0 ； write data to disk 
e xj t ； end of acquisition/experiment 
；Phase program definitions for FCUs 
phl=0 0 2 2 ； phase program: 0 0 180 180 (exc/det 
RF) 
ph2=0 0 0 0 ； phase program: 0 0 0 0 (all other RF) 
130 

CUHK L i b r a r i e s 
0 0 4 5 0 6 5 9 7 
